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Abstract

The sleeper / ballast interface is an essential stage in the transfer of train loads from a railway track
structure into the ground. Generally, only a small number of ballast grains support the sleeper base.
The resulting localised contact stresses can be very high, especially for modern concrete sleepers on
hard igneous ballast. This may result in damage to both sleepers and ballast, and reduce the stability
of the interface. The paper presents results from cyclic loading tests carried out to explore the
potential for performance improvement through the adoption of different sleeper types and
modifications to the sleeper / ballast interface. Measurements of resilient performance, plastic
settlement, sleeper / ballast contact number and area, shoulder movement, ballast breakage and
attrition and the development of ballast longitudinal pressure are used to explore and explain the
effect of each intervention. It is shown that twin-block sleeper types and under sleeper pads (USP)
have the potential to reduce maintenance requirements and whole life costs.
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1 Introduction

Most of the world’s railways run on ballasted track, with rails supported by sleepers placed on a
ballast bed. Trafficking results in a gradual loss of alignment and level; tamping is then employed to
adjust the track geometry back to its intended design profile. Recent increases in rail traffic and
intensity of use (Department for Transport, 2013; Powrie, 2014) have reduced the time available for
maintenance. Thus there are considerable benefits in reducing the maintenance requirements of
ballasted track, in terms of both costs and infrastructure availability.

A key factor contributing to track geometry deterioration is ballast settlement, which can be
influenced significantly by conditions at the sleeper / ballast interface. Recent practice has generally
been to use hard, steel-reinforced concrete sleepers on hard granite ballast. This results in a
relatively few, highly stressed, points of contact at the sleeper / ballast interface, which has been
identified as a cause of ballast damage and deterioration (Raymond, 1987). This paper explores, by
means of laboratory tests over millions of load cycles, the potential to reduce ballast permanent
settlement through the use of different sleeper types / shapes and modification of the ballast /
sleeper interface. Insights into the micromechanical mechanisms of behaviour are obtained through
the measurement of sleeper / ballast grain contact number and area, grain breakage and attrition,
the development of longitudinal stresses within the ballast bed, and vertical and lateral movements.

2 Background

Sleepers keep the rails at the correct gauge and distribute the loads into the ballast underneath.
Sleepers were probably first introduced in large numbers on the Liverpool and Manchester Railway in
1837, when they replaced the unconnected stone supports used in the original construction seven
years earlier (Morgan, 1971).

Various sleeper materials and shapes are in use. Rectangular section timber sleepers were
predominant from an early stage of railway track development until relatively recently. Over the past
few decades, timber has generally given way to reinforced concrete for improved durability and to
accommodate increasing axle loads and train speeds. However, timber sleepers continue to be used
in certain conditions, for example in switches and crossings (S&C) and to mitigate stiff track support
conditions such as on ballasted overbridges.

Concrete sleepers are generally pre-cast concrete beams, reinforced internally with pre-stressed
steel (BSI, 2009a; Taylor, 1993). Concrete sleepers have a longer service life and a superior load
carrying capacity to their timber predecessors, and their greater weight contributes to track stability.
However, an advantage of timber sleepers is that they spread ballast contact forces over a larger
contact area through ballast grain indentation, which concrete sleepers do not allow. Thus the
adoption of concrete sleepers has perhaps inadvertently resulted in higher contact stresses and
fewer contact points between the ballast and the sleeper.

Steel sleepers (BSI, 2000) are generally viewed as sturdier than timber and less expensive than pre-
stressed concrete sleepers. However, they have not seen widespread adoption even on secondary
routes, mainly because installation can be problematic. In particular, it is difficult to create
homogeneous and complete contact with the ballast within the m-shaped profile of a steel sleeper.
Perhaps as a result, steel sleepers may settle more than timber (Manalo et al., 2010); although
where they can be installed effectively, laboratory tests and modelling have indicated potential
advantages (Laryea et al.,, 2014). They may also be susceptible to corrosion, particularly at the
railseats where there is a risk of fatigue. For these reasons, steel sleepers have generally only been
used as a last resort on very fouled ballast, where they can easily be installed by pushing them into
the softer support.
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Plastic or composite sleepers are a relatively recent development. Combinations of raw materials
(e.g. plastic, rubber and waste fibreglass) are used to create a sleeper with (ideally) the compliance
of timber and the durability of concrete. Manufacture using recycled materials gives further
sustainability benefits. They have not (yet) seen widespread adoption, although in some parts of the
world composite bearers have been used in specialized applications such as S&C.

Sleepers are generally made as single (mono-) blocks, except for concrete sleepers, which may also
be in the form of a twin block. A twin-block sleeper comprises two concrete blocks, one beneath
each rail, tied together by a steel rod. In terms of cost and performance, it is unclear which is better
and there are strongly-held but conflicting views. Twin-block concrete sleepers have been employed
in France for both high speed and slower lines. In the UK, concrete sleepers are traditionally mono-
block although HS1 has twin-block sleepers.

Under-sleeper pads (USPs) for the improvement of mechanical performance (as opposed to noise
reduction) have been used on some European new-build high speed railways in recent years
(Johansson et al., 2006; Witt, 2008; Schneider et al., 2011), and small scale laboratory testing and
modelling has shown potential advantages (e.g. Safari Baghsorkhi et al., 2015). USPs are attached to
the sleeper soffit to provide a more compliant interface with the ballast. In addition to having
suitable damping properties and stiffness, USPs must be able to resist abrasive wear by the ballast
and to withstand many millions of loading cycles from passing trains without losing their elasticity.
USPs are available in various thicknesses and may comprise either a single or multiple layers, e.g.
with an outer material protecting the inner layer from abrasive wear.

USPs may be used primarily to reduce damage to the ballast by increasing the contact area and
reducing contact stresses (Johansson et al., 2006; Witt, 2008; Lakusic et al., 2010; Abadi et al., 2015),
or to smooth or reduce the variations in track stiffness typical of transition zones (Insa et al., 2013).
USPs have also been shown to modify elastic deflection and permanent settlements (Auer et al.,
2013), and are generally considered to improve the track quality (reducing rates of track geometry
deterioration, ballast and sleeper wear, and rail corrugation; UIC, 2008, 2009).

While the relative advantages and disadvantages of different sleeper materials may be stated
gualitatively, quantitative data from independently reviewed and publicly available sources are
scarce. Similarly, the micromechanical mechanisms by which USPs improve the performance of
reinforced concrete sleepers are not fully quantitatively understood.

Abadi et al. (2018) investigated the influence of ballast type and arrangement on track performance.
This paper describes further tests carried out using the same general apparatus, the Southampton
Railway Testing Facility (SRTF), to investigate the effect of sleeper shape / material and USPs on
resilient (in-cycle) and plastic (cumulative) sleeper settlements. Common testing protocols were
followed to ensure comparability of data both within the current test series and with the earlier
work. In each test, at least 3 million loading cycles of a 20 tonne equivalent (20 TE) axle load were
applied. To gain insights into the mechanisms controlling the development of permanent and
resilient settlements, measurements of sleeper-ballast contact area and number, ballast shoulder
(lateral) movements, grain breakage and abrasion, and longitudinal stress within the ballast bed were
also made.

3 Methods and materials

3.1 Methods

The basic test philosophy and method were as described in Abadi (2015) and Abadi et al., (2018). For
convenience, they are summarized here, before the specific adaptations for the sleeper intervention



tests are described.
Test preparation

The SRTF represents a single sleeper bay of track. The apparatus comprises two vertical sides each
5.0 m long and 0.65 m high, constructed from heavy steel sections and panels, fixed to a strong floor
at a typical sleeper spacing of 0.65 m. Conditions are maintained as near as practicable to plane
strain, as would be expected to occur below most of a train (i.e., except at the ends) in reality. 25 mm
thick wooden panels are attached to the inside walls of the apparatus, with a double layer of plastic
sheeting to minimise boundary friction.

Rubber mats placed at the bottom of the ballast bed represent a slightly compressible subgrade and
provide friction on the base. A fuller description is given by Le Pen & Powrie (2011). In the current
tests, a loading beam was used to transfer load from a single vertical hydraulic actuator onto short
sections of 60EI/UIC60 rail (BSI, 2011). The general test arrangement is shown in Figure 1.

The experimental procedure followed for all the tests reported in this paper was as follows:

1. The ballast was placed to the full width and 300 mm depth (up to the level of the sleeper soffit)
and compacted with a total of 22 passes of a 400 mm x 320 mm, 26 kg plate vibrator giving a 5
kN compaction force, and the surface levelled at the same time.

2. The sleeper was placed on top of the ballast. The crib ballast was constructed and the shoulder
ballast raised to the level of the upper sleeper surface (Figure 2).

3. Linear variable differential transformers (LVDT) for the measurement of deflections were
installed in appropriate locations depending on sleeper type (Figure 2 shows the arrangement
for a mono-block).

4. The loading beam was placed across the railheads and aligned with the connection for the
hydraulic actuator.

5. A bedding load of 98.1 kN was applied slowly (5 kN/s), to ensure stability for subsequent 3 Hz
cyclic loading. The bedding load was held for a short period before being reduced to 5 kN, and
counted as the first loading cycle in subsequent analyses.

6. Sinusoidal cyclic loading was then applied at 3 Hz, between 5 kN (minimum) and 98.1 kN
(maximum).

7. At the end of each test, everything was removed from the apparatus including the ballast, and
replaced afresh for the next test to ensure repeatability of initial conditions.

Calculations using the beam on an elastic foundation (BOEF) model (Timoshenko, 1927), together
with the results of previous published work and recommendations by railway authorities (e.g.
Network Rail, 2005) show that in typical ballasted railway systems approximately 50% of the load is
carried by a sleeper immediately below an axle. Thus, the vertical load of 10 tonnes or 98.1 kN
applied in the current tests corresponds to an approximately 20 tonne axle load. This is higher than
most passenger trains (10 to 15 tonnes) but less than the maximum freight axle loads which may be
up to 30 tonnes on mixed use routes, and even higher on dedicated mining routes. The choice of
load is therefore somewhat arbitrary, and higher or lower values could be justified for particular
circumstances. However, the influence of the load magnitude is not a variable that was investigated
in the current tests, in which the intention was to apply a realistic and constant load within the
typical range, and to maintain comparability of load from test to test. Investigations using the same
apparatus with different loads (Abadi et al., 2016) found that settlements scaled approximately with
the load. The loading rate of 3 Hz was adopted to allow each test to be completed in an acceptable
timeframe (~12 days for 3 million cycles). At 3 Hz, over the amplitudes of movement present
(approaching some few millimetres — see later results), accelerations are insignificant compared with
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gravity - hence these tests are essentially quasi-static. Although others have attempted to justify
loading rates based on axle passing frequencies, these are not the frequencies of loading transmitted
through to the sleepers and track bed (see, for example, Bian et al., 2015, Ju et al., 2009, Le Pen et
al., 2016, Milne et al.,, 2017), which are dominated by the vehicle passing frequency and key
multiples thereof.

Most routes carry a variety of passenger and freight services. Passenger trains may vary from 1 to 12
carriages in length, with freight trains potentially much longer. 3 million cycles represents
approximately the interval between maintenance (tamping) on a mid-life, busy, ballasted railway;
equating to approximately 100 x 10 vehicle trains per day for 2 years, each having a 20 tonne axle
load and four axles per vehicle.

A 12 mm thick rubber mat placed at the bottom of the apparatus, below the ballast bed, modelled a
uniform, slightly compressible subgrade. The load/deflection behaviour of the rubber mat when
loaded through discrete ballast grain contacts is not directly predictable using the material properties
of the rubber such as Young’s modulus and Poisson’s ratio. However, testing with the mat loaded
through ballast grain contacts (Abadi, 2014) confirmed that the rubber mat behaved as intended.
Thus the tests reported in this paper focussed on the performance of the ballast bed alone, with the
rubber mat contributing to an overall cyclic movement of ~0.5 mm in the baseline test, typical of
well-performing track in the UK (Bowness et al., 2005).

Instrumentation

On mono-block sleepers, vertical LVDTs were placed at each of the four corners and in the middle of
each long edge (six in total). Eight LVDTs were placed on twin-block sleepers, one on each corner of
each block. A horizontal LVDT at the sleeper end showed no significant lateral movement in any of
the tests. Vertical LVDT data were recorded at a frequency of 100Hz and processed to determine the

e permanent settlement — a single area weighted average value representative of the whole
sleeper

e resilient deflection within cycles, including the deflected shape of the sleeper

e spring stiffness — evaluated using both the area weighted average deflection and the average
deflection at each sleeper end.

Further measurements to evaluate the mechanisms controlling the observed load-deflection
response of the sleeper were made as follows (further details are given in Abadi, 2015):

e Pressure paper, a thin film incorporating micro-encapsulated colour forming and developing
materials (Fuji Film, 2013), was used to record the number and area of contacts at the sleeper /
ballast interface. Sheets of pressure paper with stated sensitivities in the range 10 to 50 MPa, of
measuring area 200 mm x 250 mm, were placed at the sleeper soffit in each test (one below the
middle and one directly under each railseat). The pressure paper was left in place for the entire
test, hence gave a cumulative record of contact positions over the whole of the loading history.

e Photographs of the ballast shoulder were taken and analysed at key stages of the test, to assess
ballast shoulder movement.

e The degree of ballast grain breakage at the sleeper / ballast interface after completion of cyclic
loading was investigated by a visual survey and weighing individual ballast grains. The visual
survey involved counting the number of broken grains, and detected only breakages that could
be seen by eye. Fifty randomly-selected ballast grains retained on a 31.5 mm sieve were
brushed, washed, oven-dried, marked, weighed and placed directly underneath the sleeper prior



to each test. These were recovered and weighed after testing, to determine mass loss through
attrition, contact point crushing and other minor damage.

e Four pressure plates, each 300 mm high x 250 mm wide, were placed along the inside wall on
one side of the apparatus to measure horizontal stresses within the ballast in the direction along
the track. Each 12 mm thick steel plate was supported by four, 10 mm thick load cells giving a
total thickness similar to the wooden panels attached to the remainder of the side walls of the
apparatus. The top of each plate was set level with the sleeper soffit (300 mm above the base of
the apparatus). The plates were placed adjacent to each other, horizontally from the centre of
the sleeper. Data from each load cell were recorded using the same logger and at the same
frequency as the LVDTs.

The arrangement of the key instrumentation is shown in Figure 2.

3.2 Materials
Sleeper

Sleepers tested were mono-block (G44) reinforced concrete (BSI, 2009a) and timber (hardwood), and
twin-block (B450, French SNCF type) reinforced concrete (BSI, 2009b). The base (footprint) area of
each sleeper tested was approximately rectangular. The timber sleeper was cuboid in shape. The
concrete sleepers were approximately cuboid, but their cross sectional profiles were trapezoidal with
the top surface sloping slightly downward at the railseats. The major dimensions of the sleepers are
shown in Table 2. Full dimensional details are given from British and European standards (BSI 2009a
&Db). The sleepers selected for evaluation represent typical examples; while there are a number of
different concrete mono-block sleepers in use with slightly different dimensions, their mass, bending
stiffness and major dimensions are not dissimilar to those tested. The twin-block sleepers tested
were of the type developed by SNCF for use on high speed lines in France, and have also been used
on the UK high speed route HS1.

There are clearly differences in bending stiffness and base contact areas between the various
sleepers tested, and their materials of different durability. The tests in this study evaluated only the
relative performance of these sleepers when they are in good condition. Further evaluation and / or
studies would be required to assess each sleeper type for durability, and could lead to modifications
to the designs and materials while retaining the most beneficial mass, bending stiffness and ballast
contact properties identified in this paper.

Ballast

The ballast was from Cliffe Hill quarry, Leicestershire, U.K., which provides British and EU Standard
compliant crushed granite aggregates for road and rail applications (BSI, 2009c). The ballast grading
in all tests was to the current UK Network Rail gradation A (BSI, 2013). The ballast used has been
selected to be representative of modern crushed igneous rock ballast that would be acceptable for
use in most if not all locations globally, although for logistical reasons it is sourced from a UK quarry.
The precise performance characteristics of the ballast are not the focus of the current study, but
triaxial tests on parallel gradations of the same parent material confirmed a strength and stiffness
comparable with the range of values reported in the literature for crushed igneous rock ballast
materials (Aingaran, 2014, Le Pen et al., 2014 Aingaran et al., 2018). Further information on the
ballast, including results from standard tests, is given in Laryea et al., (2014).

In each test, repeatability of the initial ballast state was achieved through a carefully controlled
placement and compaction procedure giving a consistent initial density of ~1610 kg/m?>.



Under Sleeper Pads (USPs)

Two types of typical “performance” USPs (Tiflex Ltd. FC500 and FC208GF) were tested, denoted USP1
and USP2 (Table 1). USP 1 comprised a blend of thermoplastic materials and elastomeric inclusions in
a single layer. USP 2 was of sandwich construction, with a core of high quality cellular rubber bonded
cork covered by outer protection layers. According to the categorisation proposed by Auer et al
(2013), USP 1 is stiff and USP 2 is soft and their performance may be considered comparable with
similar USPs available from different manufacturers. USPs were attached to both mono-block G44
(BSI, 2009a) and twin-block concrete (B450) sleepers (BSI, 2009b) using epoxy glue.

4 Tests carried out

Seven tests were carried out to between 3 million and 6 million loading cycles, as summarised in
Table 2.

5 Results & Discussion
In the presentation and discussion of results, the following definitions are used:

e Permanent settlement: the irrecoverable vertical movement at the minimum load of 5 kN.

e Resilient deflection: the range of movement within a single cycle associated with reducing the
load from its maximum to its minimum value.

e Spring stiffness: the change in vertical load per rail divided by the resilient deflection. Although
there are various definitions in the literature, the definition used in this paper is consistent with
the “dynamic sleeper support stiffness” determined from a falling weight deflectometer test
(Sharpe and Govan, 2014). It has units of kN/mm and may be calculated using either a single
characteristic deflection representing the whole sleeper, or the deflection at a specific location
on the sleeper.

5.1 Permanent Settlement

To obtain a single characteristic settlement for the whole sleeper, LVDT measurements were
averaged using an area weighted method, in which the settlement of any point on the sleeper was
taken as the settlement of the nearest LVDT. Figure 3 shows the permanent settlement against the
number of loading cycles on a logarithmic scale for all seven tests. Zero on the y-axis corresponds to
the sleeper level (a) before the slow first load cycle was applied, and (b) after 10 loading cycles.

Figure 3a shows a significant variation in the magnitude of settlement over the initial loading cycle,
as indicated by the different settlements in each test at the end of the second cycle. This is due to
the small number of ballast particles initially in contact with the sleeper soffit (Shenton, 1984; Abadi
et al.,, 2015), which results in an initially variable and relatively unstable interface. The rate of
accumulation of permanent settlement per cycle generally reduces with the number of cycles.
Permanent settlement increases approximately linearly with the logarithm of the number of loading
cycles, as is often suggested in the literature (Dahlberg, 2001). However, on the logarithmic plot
there is an apparent increase in slope in some tests at about 1 million cycles. The shapes of the lines
in Figure 3 are consistent with field measurements of settlement reported by Shenton (1984) for
sites in different parts of the world. However, Shenton’s data include settlement of the subgrade,
hence are unsurprisingly 2 to 3 times greater at 1 million cycles.

To eliminate the bedding associated with the initial loading cycles and facilitate comparison, the
permanent settlements were zeroed after 10 loading cycles (Figure 3b). The resulting permanent
settlement at key stages in all tests is compared with the baseline (standard G44 concrete mono-
block sleeper on standard Network Rail ballast) in Table 3.
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Figure 3 and Table 3 show some important trends. At 3 million loading cycles, all of the other
sleepers tested performed better than the baseline. The permanent settlement of the timber sleeper
was 5% less, and of the twin-block sleeper 26% less, than the baseline. The attachment of USPs 1 and
2 reduced the permanent settlement of the G44 mono-block concrete sleeper by 32-34%, although
there was relatively little benefit in using the USPs with the twin-block sleeper (settlements reduced
by 29-31% relative to the baseline test, compared with 26% for the twin-block sleeper without USPs).
As discussed later, the improvement in performance of the timber sleeper and the sleepers with
USPs is attributable to the indentation of the ballast particles into the softer material on the soffit
providing more stable contacts for load distribution.

To investigate the potential for reducing the rate of settlement after greater numbers of loading
cycles, the settlement that occurred between 2 million and 3 million loading cycles (in mm and as a
percentage difference from the baseline test) is shown in Table 3. Over the range 2-3M loading
cycles, USPs represent the most effective intervention for reducing settlement (by 40% and 66%
compared with the baseline case), while the timber sleeper shows some possible deterioration in
performance. It might be noted that a reduction in the number of cycles needed to reach a specific
permanent settlement is probably a more appropriate measure of the benefit of an intervention
than the permanent settlement at a given number of cycles.

5.2 Resilient Deflection

For sleepers on freshly laid or just-tamped ballast, contact is often idealised as being mainly below
the railseats (Raymond, 1978). This is because on laying or tamping, ballast is packed beneath the
railseats to provide support immediately beneath the rails. However, this pressure distribution can
then change with loading cycles. Especially when the ballast is untamped, a gap can develop below
the ends of mono-block sleepers giving rise to a condition known as centre binding (Raymond, 1978;
Turcke and Raymond, 1979). A significant portion of the rail load is then carried by the ballast below
the centre of the sleeper. Centre binding results in the resilient deflection over a load cycle at the
ends or corners of the sleeper (shown in Figure 4a) being greater than in the centre (Figure 4b). The
deflected form of the sleeper is hogging (tension on the upper face) rather than sagging (tension on
the lower face).

Figure 4 shows that the deflection at the sleeper ends (corners) and centre either reduces or
increases with increasing number of loading cycles. Figure 5 shows the ratios of end to middle
resilient deflection as a function of the number of loading cycles for each test.

In all tests, the ratio of the resilient deflection at the sleeper end to that in the middle started at or
close to 1.0 (Figure 5). As loading continued,

e in the baseline and timber sleeper tests, the ratio of end to middle resilient deflection
increased, indicating hogging or centre binding. However, the timber sleeper showed a
much greater ratio, probably owing to the much lower bending stiffness of the timber
sleeper compared with its concrete counterpart.

e in the test on the twin-block sleeper, and in all tests with USPs, the ratio of end to middle
resilient deflection was more constant, indicating uniform movement.

These trends are summarized in Table 4.

In the field, centre binding of mono-block concrete sleepers may cause sleeper failure (Stewart,
1985). However, careful inspection of the sleepers in the current tests revealed no signs of distress,
indicating that the hogging moments experienced remained within the sleeper capacity.

The uniformity of deflection of the twin-block sleepers, with or without USPs, was facilitated by the
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relatively small bending stiffness of the metal rod joining the two blocks below each railseat and the
much reduced area of ballast support.

5.3 Spring Stiffness

Track or sleeper support stiffness may be defined in several ways (Hunt, 2005; TSWG, 2016). Here, it
is evaluated as a linear spring stiffness (i.e., load per unit deflection) per sleeper end. Figures 6a and
6b show the spring stiffness per sleeper end determined using the deflections measured at (a) the
sleeper corners and (b) all LVDTs, based on the area weighted method.

Figure 6a shows that for the mono-block sleeper, the spring stiffness based on the corner
measurements increased up to a certain number of loading cycles before then gradually decreasing
and perhaps tending to a constant value. This is consistent with the development of a hogged
sleeper shape and centre binding, with increasing number of loading cycles. Conversely, tests on
twin-block sleepers and G44 sleepers with USPs showed a consistent increase in spring stiffness with
number of loading cycles. The attachment of USPs to both G44 and twin-block sleepers reduced the
absolute value of resilient stiffness at a given number of loading cycles, but gave a more consistent
pattern with the stiffness gradually increasing with number of loading cycles, perhaps tending to a
steady value.

Figure 6b shows a trend of increasing area weighted spring stiffness with number of loading cycles
for all tests because the centre deflection of a hogging sleeper reduces, thereby reducing the
average. This is more representative of the overall behaviour than the four-corner spring stiffness, in
that it uses all measurement locations on the sleeper. However, it is still important to consider
differential movements between the corners and the centre to assess any tendency for centre
binding.

The spring stiffness was greatest in the baseline test, and reduced with the attachment of USPs and
for twin-block sleepers. However, this reduction in spring stiffness can be allowed for in design (e.g.
by specifying stiffer railpads between the rails and the sleepers), and could be exploited — for
example, to compensate for a sudden increase in the stiffness of an underlying support as may occur
when the railway passes over a hard substructure). USP were beneficial in giving a much smoother
and more uniform development of spring stiffness as the number of loading cycles increased (Figure
6b). This is probably a result of the increased number and stability of ballast grain to sleeper contacts
associated with the attachment of the USP.

On an operational railway, the development of differential permanent settlement (characterised as
the standard deviation of the actual from the ideal vertical level of the track) leads to the
requirement for periodic maintenance by tamping. A link between the development of standard
deviation and track stiffness has been postulated (e.g. Hunt, 2000, Sussman et al., 2001 Dahlberg,
2010). While this seems intuitively plausible (in that a softer support is likely to be indicative of
potentially more variable conditions, leading to more variable dynamic loads and hence eventually
settlements), the link is entirely empirical and is based on limited publicly available data. One of the
few publications (Sussmann et al., 2001) to include real data (Figure 7) demonstrates that identifying
a relationship is at best subjective.

Figure 8 shows the permanent settlement as a function of the area-weighted spring stiffness (at 3
million cycles) for each of the current tests. This suggests that where the loads and ballast are the
same, so that differences in sleeper support stiffness are attributable to the sleeper itself, there is no
particular relationship between support stiffness and permanent settlement. In contrast, Abadi et al
(2018) showed that where the ballast characteristics are different, there is an inverse correlation
between support stiffness and permanent settlement. Thus the current tests show that reductions in
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permanent settlement can be achieved for given ballast conditions by improving the load transfer
interface between the sleeper and the ballast.

5.4 Number and Area of Contacts at Sleeper/Ballast Interface

The pressure paper was recovered at the end of each test and the number and total area of the
contact regions determined. Figures 9-11 and Table 5 summarise data previously reported by Abadi
et al. (2015) in an analysis of the area and number of ballast particle contacts at sleeper / ballast and
ballast / subgrade interfaces. Figures 9-11 show the contacts recorded by pressure paper located at
the sleeper soffit for mono-block sleepers made of different materials (Figure 9), mono-blocks with
USPs (Figure 10), and twin-block sleepers (Figure 11).

Figure 9 shows that the individual contact areas are larger beneath the railseats. This is because
grains nearer the sleeper ends are more easily displaced than those at the middle of the sleeper
because of the relative lack of containment. The larger red areas therefore represent a merging of all
the contact locations of individual grains that have moved around. Each of these larger areas was
counted as an individual contact location. Figure 9 also confirms that the softer timber sleeper was
associated with larger grain contact areas as a result of indentation. Similarly, individual grain
contacts in the tests with USPs (Figures 10 & 11) occupied greater areas in corresponding zones than
in the test on the same sleeper with no USP.

The number of contact points was counted manually, by the same person in each case. The total
contact area was determined by thresholding and segmenting the images at the same cut-off values
using Adobe Photoshop CS2 software, as described by Abadi et al., (2015). Contact area data are
summarised in Table 5.

The numbers of contacts for the whole sleeper given in Table 5 were estimated by summing
the number of contacts for all pieces of contact paper present in each test, and multiplying
this by the ratio of sleeper soffit area to paper area. The percentage contact area in Column
5 is the proportion of the area of the pressure paper that turned red. As the red areas were
not necessarily all under pressure at the same time, this is likely to be an overestimate of the
actual area of contact at any given time. A further approximation is introduced in assuming
that the proportions of contact area are the same for the whole sleeper as for the pressure
paper. There is a clear trend for softer materials to have larger contact areas and greater numbers of
contacts. The one exception to this is that, unexpectedly, the monoblock test with soft USP showed a
lower overall contact area than the stiffer USP (Figure 10). This is perhaps an artifact of some of the
contacts beneath the right railseat for the stiff USP (Figure 10) having been more mobile.

The apparent contact pressures in column 6 were estimated by dividing the maximum
applied load by the relevant contact area. They are up to two orders of magnitude greater
than those estimated following AREMA (2003), which — based on a simple axle load +
sleeper base area approach — gives 210kPa for a G44 mono-block sleeper.

5.5 Shoulder Movements

Abadi et al,, (2016) demonstrated that settlement of the sleeper was due in part to the lateral
movement of insufficiently-contained ballast, evidenced by the gradual movement over the course of
a test of individual ballast grains down the shoulder slope.

Movement of ballast grains on the shoulder slope was assessed by comparing digital images of the
shoulder surface prior to testing with images captured after various numbers of loading cycles.
Figures 12 to 14 show ballast shoulder slope movements for tests on twin-block sleepers with no
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USP, USP 1 and USP 2 respectively. These figures were produced by subtracting the contrast of the
image at the start of the test from the contrast of the image at the stage of the test under
consideration. Subtraction of identical images gives a completely black result. If grains have moved,
the images are not identical and subtraction results in an image with shades of grey and white, the
extent of which indicates the overall degree of ballast grain movement.

Movement of ballast grains down the shoulder slope occurred during cyclic loading in every test.
However, the degree of movement was reduced considerably by the attachment of USPs,
demonstrating their benefits in reducing ballast lateral spread. This is probably due to a more
uniform and stable pattern of contacts at the sleeper / ballast interface, as shown by the pressure
paper data.

5.6 Breakage

Contact areas between ballast grains, and between a hard concrete sleeper and individual ballast
grains, are small. Thus when the track is loaded, high stresses can be developed, particularly at the
sleeper base. It is generally held that these high contact stresses cause the more fragile asperities of
ballast grains to break off, resulting in more rounded grains and potentially a reduction in the
effective (peak) frictional strength of the material (Marsal, 1967).

It was initially expected that breakage could be quantified using a breakage index determined by
sieving (e.g. Hardin, 1985, Indraratna et al., 2005). However, sieving of the ballast before and after
testing revealed that breakage in these tests was minimal and could not be captured using such an
approach. A similar absence of breakage was observed by McDowell et al., (2005) during laboratory
tamping of igneous ballast. The apparent lack of breakage in these tests can be explained by the high
fracture resistance of a modern specification crushed igneous rock ballast compared with the
limestone ballasts used in the past (Selig and Waters, 1994). Alternative methods of assessing ballast
grain breakage / damage were therefore adopted, viz. (1) visual surveys at key locations and (2)
weighing of marked individual ballast grains before and after testing.

Visual surveys were carried out to identify ballast grain breakage directly under the sleeper soffit.
Broken grains occurred in most tests, but in all cases the number was small (maximum 11). There is
no clear relationship between the number of broken grains and the cumulative permanent
settlement (Figure 16), although the baseline test with the hardest ballast to sleeper contact
interface showed the most breakage.

Breakage occurred mainly in larger grains at the edges of the sleeper. This is because the potential
for grain breakage increases with grain size, owing to the greater probability of defects being present
(Hardin, 1985); and because grains at the sleeper edge probably experienced the most onerous shear
stresses.

Fifty individually identified and weighed grains (previously brushed, washed and oven-dried) placed
beneath the sleeper showed no obvious signs of damage (splitting or breakage of asperities) when
recovered. However, weighing revealed a small but consistent loss of mass (Figure 16). This could
have been caused by abrasion / attrition at the contacts, and / or by dust / loose surficial material
falling from the ballast during loading.

5.7 Ballast longitudinal pressure

The ballast longitudinal pressure (i.e., along the line of the track) measured at Plates 1 and 4 is
shown as a function of the number of loading cycles in Figures 17a and 17b respectively. These
locations give an indication of the development of longitudinal stress near the centre of the sleeper
(Plate 1, Figure 17a) and beneath the sleeper end (Plate 4, Figure 17b). The ballast confining
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conditions are different in each case. In all cases the pressure on plate 4 nearest the loading point
(the railseat) cycles such that the maximum pressure occurred at or very close to the maximum load.
For plate 1 beneath the sleeper middle, the maximum pressure sometimes corresponded to the
maximum load but also sometimes corresponded to the minimum load as indicated in Table 6. More
detailed assessment revealed that for the sleepers with the lowest bending stiffness in the middle
(twin block and timber mono-block), the maximum pressures at Plate 1 (beneath the sleeper middle)
correspond to the minimum load; whereas for the stiffer mono- block concrete sleepers the
maximum pressures at Plate 1 correspond to the maximum load.

The initial ballast pressure varies from test to test. This is not surprising, as the number of ballast
grains and the percentage contact area at each plate is small (0.8% to 1.67%, as indicated by 10-50
MPa pressure paper). However, broadly consistent trends of variation in maximum pressure with
cyclic loading are apparent in Figure 17 and Table 6.

The maximum ballast pressure per cycle at Plate 1 (in the middle of the sleeper) with some
exceptions tended to increase with the number of loading cycles (Figure 17a). An increase in
longitudinal pressure at the middle of the sleeper is consistent with the development of increasing
relative support stiffness and / or ballast bulk density below the sleeper middle than elsewhere along
the sleeper length. The attachment of USPs to both mono-block and twin-block sleepers tended to
be associated with a lower longitudinal pressure at the sleeper middle, consistently throughout the
test.

In contrast, the longitudinal pressures measured at Plate 4 (at the railseat) decreased during each
test — rapidly at first, and then more gradually until a near-constant value was reached (Figure 17b).
This is consistent with inadequate ballast containment, and with the observed decrease in four-
corner spring stiffness / increase in deflection with the number of loading cycles. Although the initial
magnitudes of ballast pressure at Plate 4 in each test were different, the attachment of USPs to
mono-block and twin-block sleepers was consistently successful in reducing the loss of ballast
longitudinal pressure in the railseat / shoulder zone.

The combined effect of ballast densification below the sleeper middle and the loss of ballast support
at the sleeper ends is symptomatic of centre binding. The provision of USPs reduced the tendency for
centre binding in the mono-block sleepers.

6 Conclusions

The effects of sleeper material (timber or reinforced concrete), shape (mono-block or twin-block)
and the attachment of under-sleeper pads (USPs) on the resilient stiffness and permanent
settlement of typical railway sleepers on a 300 mm deep ballast bed over 3 million cycles of a 20
tonne equivalent axle load have been investigated. Detailed assessments of sleeper soffit / ballast
contact pressures and areas; individual ballast grain breakage; ballast longitudinal pressure; ballast
shoulder slope stability; and any tendency for the development of centre binding were made. From
the results, the following conclusions can be drawn.

1. Mono-block sleepers (G44 and timber) tended to deform in hogging (tension at the upper face)
with increased number of loading cycles — a condition known as centre binding. This was
characterised by an increase in the deflection and a reduction in the ballast longitudinal stress at
the sleeper ends, and a reduction in the deflection and an increase in the ballast longitudinal
stress at the middle. The effect was greater for the timber sleeper than for the reinforced
concrete sleeper. While the extent of hogging was insufficient to cause structural distress, the
condition is undesirable in that it does not provide an adequately stable support to the track.
Centre binding did not occur (as evidenced by the absence of both hogging and any build-up in
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ballast longitudinal stress at the centre of the track) in tests on twin-block sleepers, or in the test
on the concrete mono-block sleeper with USPs attached.

2. For the hard granite ballast used in these tests, obvious ballast grain breakage was small (11
grains at most). The greatest breakage occurred for the hardest contact condition, directly onto
the underside of a reinforced concrete sleeper. Minor attrition may have been responsible for
mass losses of 0.009% to 0.047% from identified individual grains.

3. The attachment of USPs to the underside of a mono-block concrete sleeper was beneficial in:

e reducing significantly the ballast permanent settlement

e preventing centre binding and sleeper hogging at increased numbers of loading cycles

e improving ballast containment and stability at the edges of the sleeper near the ballast
shoulders

e preventing any significant increase in ballast longitudinal stress at the centre of the track

These benefits result from the establishment of a more stable interface between the ballast and
the sleeper soffit, involving more ballast grains and generally lower contact stresses.

The benefits of USPs for twin-block concrete sleepers were less clear, partly because twin-block
concrete sleepers performed better in the above respects than their mono-block counterparts.

4. The attachment of USPs to both mono-block and twin-block sleeper soffits reduces the
equivalent spring stiffness, but in a consistent and quantifiable way that could either
compensate for a higher underlying stiffness (e.g. over hard substructures such as bridges and
culverts) or be compensated for by the use of less stiff railpads between the rails and the
sleepers.
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Table 1. Properties of USPs tested (Tiflex, 2013)

Property USP1 USP2

Technical ID FC500 FC208GF

Thickness 4 mm 9 mm

Specific weight 6 kg/m’ 5.6 kg/m’

Stiffness (Csa) 0.228-0.311 N/mm® | 0.079-0.105 N/mm?
Core (inner) material | Trackelast FC500 Bonded cork

Table 2. Summary of tests carried out

Sleeper major dimensions (mm) Total load
Test label (for Sleeper Heights (sleeper Mass cycles
graphs) type Length Width | ends unless K ’ | applied
otherwise stated. & (millions)
Baseline Mono- 2500 285 | 210 310 | 3.0
block
. . 2415 (840 per 260 (end) to 220
Twin-block Twin-block block, 735 tie bar) 290 (inside) 230 4.5
Timber Hardwood 2600 250 130 75 3.5
Mono-block + USP 2500 285 | 210 310 | 3.0
1 Mono-
2/|ono—b|ock+ uspP block G44 9500 585 210 310 4.0
Twin-block + USP 1 2415 (840 per 290 | 260(end)to220 1,5, 1,5
Twin-block block, 735 tie bar) (inside)
. 2415 (840 per 260 (end) to 220
Twin-block + USP 2 block, 735 tie bar) 290 (inside) 230 6.0

Table 3. Permanent settlement (mm) and reduction in settlement (%) compared with the baseline case at key
numbers of loading cycles and over selected increments of loading cycles

Total loading | Permanent settlement | Reduction of permanent settlement

cycles (mm) at (%) at

applied (M) Loading cycles (M) Loading cycles (M)

1 2 3 1 2 3

Baseline 3.0 4.85 5.40 5.69 - - -
Twin-block 4.5 3.75 4.01 4.21 22.5 25.8 26.1
Timber 3.5 4.68 5.12 5.42 3.5 5.2 4.7
Mono-block+ USP 1 3.0 3.58 3.80 3.89 26.0 29.8 31.6
Mono-block+ USP 2 4.0 3.39 3.60 3.74 30.1 33.4 34.2
Twin-block+ USP 1 4.5 3.58 3.86 4.03 26.2 28.5 29.1
Twin-block+ USP 2 6.0 3.59 3.82 3.96 25.9 29.2 30.5
Test label (ranked in | Overall reduction of permanent | Settlement, 2M to | Percentage

decreasing order

of

settlement at 3 M loading cycles

3M loading cycles | improvement over 2M

settlement reduction) (%) (mm) to 3M loading cycles
Mono-block+ USP 2 34.2 0.1410 50.6
Mono-block+ USP 1 31.6 0.0982 65.6
Twin-block+ USP 2 30.5 0.1316 53.9
Twin-block+ USP 1 29.1 0.1709 40.1
Twin-block 26.1 0.1954 315
Timber 4.7 0.2993 -4.9
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Table 4: Summary of sleeper deflection behaviour and implied deflected shape

Test Total loading | Trend  with  increasing | Deflected sleeper shape
cycles applied | number of loading cycles: | tends to:
(millions) deflection at
Ends Middle
Baseline 3.0 Increasing Hogging (tension  on
upper face)
Twin-block 4.5 Reducing Uniform
Timber 3.5 Increasing . Hogging
Mono-block+ USP 1 3.0 Reducing
Mono-block+ USP 2 4.0 . .
Twin-block+ USP 1 45 Reducing Uniform
Twin-block+ USP 2 6.0

Table 5: The number and area of particle contacts at the ballast/sleeper interface in each test, and the implied
average contact pressures (extract from Abadi et al., 2015)

Sleeper type Test ID Notes Number of contacts per | Percentage Average contact
sleeper, 10-50 MPa | contact area per | pressure, MPa
pressure paper sleeper, 10-50 | calculated as

MPa  pressure | Fra/Acontact
paper

Mono-block Baseline 147 0.18 76.5

Timber NR 420 1.56 9.7
+USP 1 Stiff 314 1.64 8.4
+ USP 2 Soft 447 1.05 13.1
Twin-block Baseline NR 243 0.53 32.3
+USP1 Stiff 268 2.91 5.9
+ USP 2 Soft 329 4.75 3.6

Table 6: Comparison of maximum and minimum pressures with load for different sleeper interventions

Plate 4
Plate 1 (centre (railseat/sleeper
Sleeper type Test ID of sleeper) at . P
. end) at maximum
maximum load
load
Baseline Max Max
Mono-block Timber Min Max
+USP 1 Max Max
+ USP 2 Max Max
Twin-block Baseline Min Max
+USP 1 Min Max
+ USP 2 Min Max
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Figures

Figure 1: Test apparatus.
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Figure 2: Test apparatus, plan view and elevation — instrumentation shown for mono block sleeper (see text for
adaptations for twin block).
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Figure 3: Permanent settlement against number of loading cycles, zeroed (a) before the first cycle, and (b) after
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Figure 7: Relationship between track geometry degradation rate and track stiffness (after Sussmann et al.,
2001).
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Figure 8: Ballast permanent settlement (re-zeroed after 10 loading cycles) vs area-weighted spring stiffness at 3
million loading cycles, measured in laboratory tests.
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Figure 9: Grain contact histories at the sleeper/ ballast interface: mono-block sleepers (extract from Abadi et
al., 2015). Red indicates locations of ballast grain/sleeper contacts >10 MPa.
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Figure 10: Grain contact histories at the sleeper/ballast interface: mono-block concrete sleeper, with and
without under sleeper pads (The blue coloration on the bottom left paper is an artifact of damp ingress and is
irrelevant). (Extract from Abadi et al., 2015). Red indicates locations of ballast grain/sleeper contacts>10 MPa.
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Figure 11: Grain contact histories at the sleeper/ballast interface: twin-block concrete sleeper, with and

without under sleeper pads. Red indicates locations of ballast grain/sleeper contacts>10 MPa.
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Figure 12: Ballast grain movements on the shoulder slope: twin-block sleeper test with no USP, (a) prior to
testing, (b) after 0.25 million loading cycles, and (c) at the end of the test.

Figure 13: Ballast grain movements on the shoulder slope: twin-block sleeper test with USP 1, (a) prior to
testing, (b) after 0.25 million loading cycles, and (c) at the end of the test.

a) b)

Figure 14: Ballast grain movements on the shoulder slope: twin-block sleeper test with USP 2, (a) prior to
testing, (b) after 0.25 million loading cycles, and (c) at the end of the test.
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Figure 15: Number of broken ballast grains vs permanent settlement after 3M loading cycles.
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Figure 16: Percentage mass loss from selected ballast grains.
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Figure 17: Change in maximum longitudinal ballast pressure with number of loading cycles, measured at (a)
Plate 1 (middle) and (b) Plate 4 (railseat).
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