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Abstract

Lateral resistance, principally dictated by the interaction between sleepers (ties) and ballast, is a fundamental property of
ballasted railway track which is critical to overall track stability and safety. This study investigates the influence of sleeper
spacing on lateral resistance to support overall track system design and track safety management. A novel multi-sleeper
push test (MSPT) methodology, utilising both a kinematic restraint to better replicate track conditions and a state-of-the-art
digital image correlation (DIC) system to measure surface ballast movement, has been used to evaluate the lateral resistance
behaviour of two different sleeper types (concrete and steel) under seven different sleeper spacing conditions (550-850 mm).
This is the first direct comparison of modern concrete and steel sleeper variants under these conditions. It is found that both
sleeper types exhibit similar lateral resistance behaviour at small displacements (less than 3 mm) but, regardless of the spac-
ing used, steel sleepers have significantly greater lateral resistance beyond this point. Although it depends on the assessment
method used, concrete sleepers demonstrated an optimum spacing of approximately 675 mm, whilst steel sleepers showed
highest resistance at approximately 706 mm. However, concrete sleepers showed less sensitivity to changes in spacing com-
pared to steel sleepers, which retained high resistance over a narrower range of spacings. These findings contribute to track
safety management by improving buckling mitigation strategies and component selection, whilst unlocking the ability to
assess system-level impacts to aid the pursuit of more sustainable railway infrastructure design.

Keywords Sleeper - Ballast - Lateral resistance - Multi-sleeper push test - Railway track

1 Introduction

The railway track system is principally constructed from
rails, sleepers (ties), and ballast [1]. The key function of
railway sleepers is to transfer and distribute the loads arising
from the wheel-rail contact to the ballast via the rails, trans-
versely secure the rails to maintain the correct gauge width,
and resist the abrading actions of ballast material [2, 3], thus
providing stability to the rails and enabling the system to
resist lateral movement [4, 5]. A core feature of modern
railway track is railway sleeper spacing which is periodic
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(i.e. regularly spaced). The definition of this separation
distance is important as it, in turn, influences the response
of the overall track system [6—8]. Consequently, effective
and accurate characterisation of the track system, and the
parameters which affect it, is vital to wider vehicle—track
interaction studies [9]. For example, spacing can influence
the vibration and resonance at the wheel-rail contact [10]
which can cause accelerated track damage (e.g. rail wear,
rail corrugation) leading to degradation in track performance
and overall life [11-14]. Current global track system design
standards suggest, under a first order analysis, that the lateral
resistance of ballast is expected to remain constant through-
out the normal range of sleeper spacing (see below) [15-17].
However, this neglects an important second order effect in
which a change in sleeper spacing alters the amount of bal-
last which interacts between each adjacent sleeper, known as
the ‘zone of influence’ [7]. As shown in Fig. 1, this behav-
iour can significantly affect the amount of ballast moved by
the track system.
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Fig. 1 Influence of sleeper spacing on lateral resistance, adapted from

(71

Sleeper spacing has organically evolved over time and is
dictated by a number of operational factors including vehicle
and axle speed, track layout, and track dynamic effects in
an attempt to minimise issues at the wheel-rail contact and
overall track structure [9, 18, 19]. Globally, sleeper spacing
values typically fall within 550 — 850 mm across a range of
sleeper types and specifications including timber, concrete,
steel, and composite. Although, some countries (including
Italy, Nepal, and Canada) have examples of spacings greater
(e.g. 900 mm) and smaller (e.g. 495 mm) than the typical
range [9]; these generally arise from specific infrastructure
requirements (e.g. mining operations). There can be sig-
nificant economic and environmental benefits to increasing
sleeper spacing due to the reduced number of components

Table 1 Summary of MSPT lateral resistance studies

procured and installed. However, many of these separation
distances have roots in historical trial and error. This means
they have not been formally optimised, potentially resulting
in sub-optimal installation cost, life environmental impact,
and maintenance cost. Therefore, this paper reports the
importance of sleeper spacing with respect to lateral resist-
ance in ballasted track, applying recently developed test [20]
and visualisation [21] methods modified for this purpose.
Although it is recognised that changes in spacing could have
other positive (e.g. a reduction in environmental impact) and
negative (e.g. an increase in track stiffness) impacts on track
system, these are not the core focus of this study.

1.1 Lateral resistance

Lateral resistance, principally dictated by the sleeper—bal-
last interaction, is a property of ballasted railway track
critical to overall track stability, and ultimately reducing
track buckling risk [4, 5, 22]. The resistance available at
the interface between sleeper and ballast can be character-
ised by a force—displacement curve, which typically consists
of a rapid rise in force followed by a near constant plateau
after a short lateral displacement (usually less than 5 mm)
[21]. This property is called lateral resistance (R,) and can
be considered as the sum of the three components acting on
the bottom (R,), side (R,), and end (R,) of the sleeper. The R,
and R, components are a result of frictional forces of the bal-
last against the sleeper as it moves, while the end force (R,)
results from reaction forces of the ballast on the sleeper end

Author, Year Sleeper type Test method Sleeper Disp. value Ballast condi- Bed condi- Lateral Lateral
(closest stand-  spacing tion tion resistance resistance
ard) (mm) (kN/sleeper) (kN/m)

De Iorio et al., Concrete RFI230 Field MSPT (4 600 Peak (kN) U FCFS 5.55 Not reported

2014 [36] (EG47 equivalent) sleepers) !
Concrete RFI1240 18] 7.72
(G44 equivalent) DTS C 8.84
De Iorio et al., Concrete FSV35P Field MSPT (4 600 Peak (kN) DTS C FCFS 5.88 9.80
2018 [34] (EG47 equivalent) sleepers) 2 DTS C NCNS 1.60 267
Pucilio, 2020 Concrete RFI240 Field MSPT 2 600 Peak (kN) U FCFS 6.87 Not reported
[37] (G44 equivalent) Field MSPT 2 C 8.34
Pucilio et al., Concrete RFI240 Field MSPT (4 600 Peak (kN) Trafficked C FCFS 6.87 Not reported
2018 [38] (G44 equivalent) sleepers) 2 DTS C 7.95
Reiner, 1977 Concrete RT7 Field MSPT 508 4775 mm  Tamped C FCFS 3.53 Not reported
[39] (39f ™ 46.74mm  C 4.68
Timber 41.66 mm  Tamped C 2.63
1881 mm C 2.88
Van’t Zand and Concrete NS90 (G44 Laboratory Not noted Peak (kN) Tamped C FCHS 9.00 Not reported
Moraal, 1997 equivalent) MSPT (5
[40] sleepers) 2

DTS dynamic track stabilisation, FC full crib, NC no crib, FS full shoulder, HS half shoulder, NS no shoulder, U unconsolidated, C consoli-

dated, 11 UIC field method and 2 own method
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[23]. As noted in Fig. 1, the total lateral resistance generated
by the track system can be affected by inter-sleeper—ballast
interaction between neighbouring sleepers; but the extent of
this contribution is unclear within previous research [24].
Lateral resistance can also be influenced by factors includ-
ing ballast consolidation [25-28], ballast condition [29-31],
ballast support [32], and ballast dimensions [33].

1.2 Lateral resistance test methods and values

Two core methods exist for testing lateral resistance within
a laboratory, the single sleeper push test (SSPT) [33] and
track panel push test (TPPT) [34], referred generically to
here-in as a multi-sleeper push test (MSPT). There are a
number of standardised test methods which incorporate ele-
ments of both types of test including UIC [35], SNCF [35],
TUM [35], and BS500:2000 [25] but adoption varies widely
between country, study, and environment. As reported in
existing literature, very few studies undertake MSPTs,
at full-scale, either in a laboratory environment, within a
simulation environment, or in the field due to the perceived
complexity of work compared to a SSPT [23], which also
means very few elect to investigate the spacing parameter
[9]. Previous studies are summarised in Table 1.

The studies noted in Table 1 account for approximately
a quarter of all existing literature since 1970 which inves-
tigate lateral resistance behaviour and are the only exam-
ples of studies which include an assessment of the influence
of sleeper spacing on lateral resistance behaviour through
MSPTs. This review found that this is predominantly done
through field experiments, with a single example of labora-
tory experiments. Surprisingly, this review found no open-
literature studies employing computational simulations to
investigate sleeper spacing effects. The variety of study
goals, parameters, and test locations means that the way
which a study is carried out is generally not standardised,
beyond de facto lateral displacement distances dictated by
physical constraints. This makes true comparison between
studies difficult. However, most studies elect to study a com-
plete ballast bed (i.e. full crib, full shoulder) under consoli-
dated ballast conditions. Furthermore, within the collected
literature on lateral resistance, as shown in Table 1, all but
one study focuses on a single sleeper type with the outlier
drawing a comparison between two types, while studies on
sleeper failure and degradation across multiple types exist
[41, 42], existing lateral resistance research focuses only on,
either, timber or concrete sleeper variants at fixed sleeper
spacings. This leaves a significant gap in accurately quan-
tifying how alternative sleeper types (including steel and
composite) behave under a range of sleeper spacings in near
identical conditions. Even for tests with the same sleeper
type and ballast condition, the resultant lateral resistance
values reported can vary widely. However, there is much less
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variation in a MSPT test configuration compared to values
reported by existing SSPT literature, indicating a method-
ology advantage. Finally, although lateral resistance values
normalised per metre of track (kN/m) can be easily derived,
only De Iorio et al. [34] elected to report values in this unit;
likely due to most studies focusing only on a single fixed
spacing.

A gap therefore exists in comparable evaluation of the
effect of sleeper spacing on lateral resistance across multiple
sleeper types. To address this physical testing has been con-
ducted to quantify the lateral resistance behaviour of com-
mon railway sleepers; concrete (G44) and steel (W560H)
at a range of sleeper spacings between 550 and 850 mm.
The tests are performed only for consolidated ballast condi-
tions, utilising a modified laboratory-based test method first
developed by Stodczyk et al. [20]. The findings enhance
understanding of lateral resistance performance character-
istics of railway sleepers by qualitatively and quantitatively
assessing behaviour, enabling the optimisation of spacing
with respect to lateral resistance as well as forming inputs to
wider vehicle—track interface models to help increase overall
track performance.

This paper is structured as follows: Sect. 2 describes the
study methodology, Sect. 3 presents the results and findings
arising from the study, Sect. 4 discusses the results presented
in Sect. 3, and Sect. 5 summarises key insights and their
implications.

2 Methodology
2.1 Experimental apparatus

To achieve the aims of this paper, full-scale MSPT labora-
tory experiments were carried out in a ballast box. In this
instance, three sleepers were used to construct the track
panel as this is the fewest number which allows for the
practical assessment of the sleeper spacing parameter. The
box contained approximately 9 tonnes of ballast graded in
accordance with Network Rail standard NR/L2/TRK/8100
[43]. The dimensions of the box, ballast, and shoulder can
be seen schematically in Fig. 2. The ballast box is deliber-
ately sized such that the widest sleeper spacing can be tested
without the sides of the box influencing the lateral resistance
generated [44].

The rail section at each end of the sleeper was fixed using
the standard fasteners on each sleeper and was 2250 mm in
length at each end to allow for maximum sleeper spacing
adjustment. This sleeper test included the use of a kinematic
vertical restraint made from two right angle steel sections
of length several times that of the maximum push length
secured to the frame (item 8), supporting the actuator (item
7). The contact distance between the rear rail load cells and

@ Springer
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Not to scale
1: Ballast box 4: Uplift LVDT 7: Actuator all measurements in mm
2: Load cell 5: Uplift load cell 8: Restraint
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Fig.2 Sleeper test rig schematic

restraint is minimised to near zero to limit the rotational
moment applied to the sleeper arrangement, which also lim-
its movement at the front of the sleeper panel [45].

As described by Stodczyk et al. [20], the effect of the rail
resisting upwards movement of sleepers during lateral shift
is achieved by the aforementioned steel sections remaining
in constant contact throughout the test, thereby generating
results which are more representative of in-service behaviour
for all types of railway sleeper than existing methods [23].
Experimental testing, outlined in full within the Supplemen-
tary Information, has shown that this restraint is equivalent
in vertical stiffness to that of a six-sleeper buckle, and that at
small displacements is conservative in its restraint of vertical
sleeper movement. When taken together, this suggests that
results generated through use of the apparatus are gener-
ally conservative when compared to the real track system.
This arrangement contrasts existing studies, in which a fixed,
large (i.e. many times the weight of the panel) ‘deadweight’
is applied to the top of the sleeper panel to restrict vertical
movement [40]. It is the view of the authors that neither this
approach (i.e. effectively fixing the ability of the panel to
lift) or one in which the sleepers can move freely, reflects
how sleepers behave in track. In reality, a sleeper connected
to the rail cannot rise freely because the rail provides some
downward resistance. However, this resistance is limited
because the rail and sleepers are not rigid and are generally

@ Springer
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not anchored to the ground. Therefore, the introduction of
a restraint which can limit vertical movement, whilst not
artificially restricting movement is an important methodo-
logical development.

It should be noted that the experimental configuration
does not include additional active downward force on the
sleeper (i.e. there is no representation of downward vehi-
cle forces). While the vertical restraint helps maintain rail
contact and supports lateral resistance measurements and
has been shown to be conservative in its restraint of vertical
sleeper movement when compared to a real track system,
it may, as a result, unintentionally stop the formation of
phenomena observed in the field (i.e. unsupported hanging
sleepers) which can influence lateral resistance behaviour.
Therefore, although likely conservative, the results gener-
ated from this apparatus should only be considered applica-
ble to newly installed track that has not undergone repeated
dynamic loading.

The lateral load was applied using a 60 kN linear actuator
(item 7) which was placed at the end of the sleeper furthest
from the ballast shoulder with its centreline 75 mm above
the top face of the central sleeper to minimise the rotational
moment applied to the sleeper panel. A ball and socket
arrangement (item 6), not rigidly attached to the sleeper,
was used as an interface between the actuator plate and
the sleeper to transfer force through the fastener [20]. The

Railway Engineering Science
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Fig. 3 Sleeper test experimental arrangement showing sleeper panel, ballast box (item 1), load cell (item 2), displacement LVDT (item 3), ball

and socket load arrangement (item 6), restraint (item 8)

horizontal and vertical sleeper displacements were moni-
tored directly by two linear variable differential transducers
(LVDTs) (item 3 and item 4). The horizontal and vertical
loads generated by the sleeper were measured by a 50 kN
(item 2) and two 20 kN (item 5) load cells, respectively. A
head on view of the experimental arrangement can be seen
in Fig. 3.

Furthermore this ballast box is fitted with a bespoke digi-
tal image correlation (DIC) system, as described by Whittle
et al. [21]. The system makes use of commodity camera
equipment, positioned above the ballast box, and open-
source algorithms to measure the movement of, primarily,
ballast particles. This unlocks the ability to observe how bal-
last and sleepers interact, particularly ahead of and between
adjacent sleepers.

2.2 Test procedure and program

Each sleeper type was tested under one ballast condition;
consolidated (ballast density of approximately 1750 kgm™),
one bed condition; full, and seven discrete sleeper spacings
(54); 550 to 850 mm at 50 mm intervals. In order to create the
full condition, the heights of &, and &, were formed coplanar
to the top of the sleeper. The overall ballast layer thickness
was approximately 380 mm. As shown in Fig. 2, the ballast
shoulder angle (x) was set to approximately 45 degrees (the
angle of material natural repose), with the shoulder width
(w,) set to 500 mm from the end of each sleeper (where
shoulder and end both refer to all ballast beyond the end of
the sleeper).

Each test was repeated three times with the complete
program, including sleeper specification, summarised in
Table 2. Each MSPT followed the procedure outlined by

Railway Engineering Science

Stodczyk et al. [20] for test operation, modified to account
for the installation of sleeper panel instead of a single
sleeper, and Whittle et al. [21] for DIC image acquisition.
In brief, each sleeper panel was installed into the ballast box
and ballast added, formed, and consolidated. The panel was
then displaced at a constant rate of 10 mm/min to a maxi-
mum lateral displacement of 40 mm, with data acquired at a
frequency of 10 Hz. Simultaneously, continuous video foot-
age of the panel and ballast was acquired from directly above
the leading end of the test arrangement shown in Fig. 3. The
ballast was re-prepared between each test repeat to ensure a
consistent ballast density, formation, and distribution.

3 Results

The sections below present the results of tests 1-42 (as sum-
marised in Table 2). Each result is presented as the average
of the three repeats completed at each spacing, which better
represents the aggregate behaviour of a bulk track system.
A numerical summary of each test is shown in Table 3. The
characterising lateral resistance values presented are dis-
placements at 3 mm, 10/15 mm (which is an average of the
lateral resistance values found at this interval, for simplicity
here-in referred to as €), and also the peak value of lateral
resistance. These are chosen as the early behaviour that is
key in determining track buckling response as evaluated
by a number of existing studies focussing on single sleeper
characterisation [20, 46, 47], a modified bulk behaviour
descriptor adapted from BS500:2000 [25] which describes
behaviour at lateral displacements that correspond to hori-
zontal track alignment values considered critical for main-
line operation [48], and the maximum value reached during

@ Springer
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Table 2 Test program and sleeper specification summary

Test No. Ballast condi- Bed condi-  Sleeper spacing  Sleeper type Sleeper specification
tion tion (mm) - -
Dimensions* Mass per Panel Mass,
sleeper (kg) including rail
(kg)
1-3 C F 550 Concrete (G44) 299 1149
4-6 600
7-9 650
10-12 700
13-15 750
16-18 800
19-21 850
22-24 C F 550 Steel (W560H) 93 531
25-27 600
28-30 650
31-33 700
34-36 750
37-39 800
40-42 850

*denotes dimensions not to scale, C = consolidated, and F=full

the test, respectively. The target lateral displacement for each
test was 40 mm as this is the approximate maximum distance
at which horizontal track alignment becomes (in the UK)
a critical fault across a range of operating conditions [48].

The standard deviation (SD) of the lateral resistance value
at each discrete displacement is also reported. Considering
the total lateral resistance values only, tests undertaken with
steel sleepers (SD range between 1.25 and 9.42) exhibit
greater SD than those undertaken with concrete sleepers
(SD range between 0.27 and 4.02). The SD of lateral resist-
ance per sleeper (kN/m) values are of similar magnitude to
those generated in existing SSPT literature (where reported)
[23]. This indicates good repeatability between this research
and existing literature, and that there is strong repeatability
between sleeper type. Additionally, the maximum and mini-
mum SD values occur at different sleeper spacings for both
sleeper types suggesting that variation in lateral resistance
values is the result of natural sleeper—ballast interaction not
systematic error arising from test procedures.

3.1 Force-displacement plots

Lateral resistance values for all tests can be seen in Fig. 4,
where the solid lines represent concrete (G44) sleepers and
dashed lines represent steel (W560H) sleepers, presented
as a traditional force—displacement plot. Although this type
of presentation is uncommon in MSPT literature, it is use-
ful for identifying that both sleeper types exhibit similar
behaviour in the very small displacement region (shown in
Fig. 4 inset) but that steel sleepers nearly always exceed the

@ Springer

lateral resistance of concrete sleepers; except when com-
pared to very narrow or very large spacings. However, Fig. 4
shows that steel sleepers begin to exhibit more effective lat-
eral resistance behaviour at displacement values exceeding
3 mm. The values recorded at € (highlighted in Fig. 4 as a
region of interest) indicate that there is a non-linear cor-
relation between lateral resistance and sleeper spacing for
both steel and concrete sleepers, discussed further in Sect. 4.
Under this assessment metric (kIN), at £, 700 mm is seen to
be an optimum point for steel sleepers with respect to lateral
resistance with 600 mm, 650 mm, and 800 mm very close
below this. The results generated at 750 mm appear to be
slightly lower than expected, but the extreme spacings of
550 mm and 850 mm are lower with respect to lateral resist-
ance as excepted. Similarly, at €, 650 mm is seen to the opti-
mum point for concrete sleepers under these test conditions,
with a very tight clustering of other spacings below this. The
results generated at 800 mm are slightly lower than expected,
but the general trend of more extreme spacings exhibiting
lower values of lateral resistance remains true. The reasons
for this behaviour are explored further in Sect. 3.2.

Lateral resistance values for all tests can again be seen
in Fig. 5, where the solid lines represent G44 sleepers
and dashed lines represent W560H sleepers, presented a
traditional force—displacement plot with force normalised
to the number of sleepers used, in this instance three. As
noted in Table 1, this is the most common method of pre-
senting TPPT results as it allows easy comparison to SSPT
studies, whilst also capturing the overall behaviour of a
number of sleepers. Interestingly, the values recorded at

Railway Engineering Science
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Table 3 Lateral resistance values at a given displacement for tested sleepers, presented as an average of the three repeats completed under each condition (noted in Table 2)

Test No. Sleeper type

Lateral resistance (kN)

Lateral resistance per sleeper (kN/sleeper)

Lateral resistance per metre (kN/m)

3 mm e Peak 3 mm € Peak 3 mm £ Peak
1-3 Concrete (G44) 18.07+2.27 19.95+1.92 24.63+1.44 6.02+0.76 6.65+0.64 8.21+0.48 10.95+1.37 12.09+1.17 14.93+0.87
4-6 21.12+2.63 22.47+2.43 23.59+1.31 7.04+0.88 7.49+0.81 7.86+0.44 11.73+1.46 12.48 +£1.35 13.10+0.73
7-9 21.46+4.02 24.29+3.60 29.00+3.95 7.15+1.34 8.10+1.20 9.67+1.32 11.00+2.06 12.46+1.85 14.87+2.03
10-12 20.63+1.70 23.33+1.55 25.01+1.09 6.88+0.57 7.78£0.52 8.34+0.36 9.82+0.81 11.11+£0.74 11.91+0.52
13-15 20.01+0.27 21.88+1.47 23.95+3.86 6.67+0.09 7.29+0.49 7.98+1.29 8.90+0.12 9.72+0.65 10.65+1.72
16-18 14.74+0.55 16.82+0.92 19.37+£0.91 4.91+£2.32 5.61+2.68 6.46+3.10 6.14+2.90 7.01+3.34 8.07+3.88
19-21 18.56 +1.27 22.48+1.36 26.94+1.96 6.19+0.42 7.49+0.45 8.98 +0.65 7.28+0.50 8.82+0.53 10.56 +0.77
22-24 Steel (W560H) 21.48+7.65 31.23+9.42 41.28 +£8.18%* 7.16+£2.55 10.41+3.14 13.76 +£2.73* 13.02+4.63 18.92+5.71 25.02+4.96*
25-27 25.54+2.53 41.46+4.66 70.87 £5.22% 8.51+0.84 13.82+1.55 23.62+1.74% 14.19+1.41 23.03+2.59 39.37+2.90%*
28-30 28.35+2.63 42.87+4.05 50.78 +4.21%* 9.45+0.88 14.29+1.35 16.93 +1.40%* 14.54+1.35 21.99+2.08 26.04 +£2.16*
31-33 31.43+5.00 46.80+3.15 75.89+1.66* 10.48 +1.67 15.60+1.05 25.30+0.55% 14.97+2.38 22.29+1.50 36.14+0.79*
34-36 25.94+5.72 37.72+5.36 48.18+1.25% 8.65+1.91 12.57+1.79 16.06 +0.42* 11.53+2.54 16.76 +2.38 21.41+0.55%
37-39 28.25+1.91 42.26+4.35 71.52+£5.05% 9.42+0.64 14.09+1.45 23.84+1.68%* 11.77+0.79 17.61+1.81 29.80+2.10%
40-42 22.45+6.16 35.25+7.64 49.85+3.66* 7.47+2.05 11.75+£2.55 16.62+1.22% 8.79+2.42 13.82+2.99 19.55 +1.44%

*denotes test stopped before 40-mm displacement
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Lateral force (kN)
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Fig.4 Concrete (G44) and steel (W560H), force—displacement plot at different spacing conditions, presented as an average of the three repeats
completed under each condition (inset: lateral displacement limited to 3 mm)
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Fig.5 Concrete (G44) and steel (W560H), force per sleeper—displacement plot at different spacing conditions, presented as an average of the
three repeats completed under each condition (inset: lateral displacement limited to 3 mm)

the € displacement, with a 600 mm sleeper spacing, for the
G44 concrete sleeper are broadly comparable to the peak
lateral resistance values generated from tests conducted in
field conditions (i.e. using dynamic track stabilisation and
full size tamping equipment) as reported by other authors
including Pucillo et al. [37, 38] and De lorio et al. [36].
The majority of these values were found at similar dis-
placements, which would suggest that the consolidation
levels during the tests completed in this study were at least
comparable to those generated on track. Given that this is
a simple normalisation, under this assessment metric (kN/
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sleeper), the relative performance of each sleeper spacing
with respect to lateral resistance remains the same as that
shown in Fig. 4 (albeit with lateral resistance values three
times smaller), including at very small displacements. The
reasons for this behaviour are explored further in Sect. 3.2.

Normalising lateral force by track length rather than by
sleeper, Fig. 6 uses solid lines to represent G44 sleepers
and dashed lines represent W560H sleepers. Given the
clear influence of spacing on sleeper lateral resistance,
noted in Figs. 4 and 5, this should be the most effective
method of understanding the direct effect of spacing on
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Fig.6 Concrete (G44) and steel (W560H), force per metre—displacement plot at different spacing conditions, presented as an average of the three
repeats completed under each condition (inset: lateral displacement limited to 3 mm)

Fig. 7 Digital image correlation analysis for steel (ID24, 22.81 kN/m) and concrete (ID1, 12.83 kN/m) lateral resistance test at 550 mm spacing,

limited to 20-mm lateral displacement

lateral resistance. Using this assessment metric (kN/m),
clear differences between each spacing begin to emerge
(explored further in Sect. 4). This time, at €, 600 to
700 mm are clear optimum points with respect to lateral
resistance for steel sleepers under these test conditions
with near identical force responses across the displace-
ment distance. Interestingly, 550 mm becomes greater
with respect to lateral resistance than the other three
remaining spacings with 850 mm being the lowest. Simi-
larly, 550-650 mm are clear optimum points with respect
to lateral resistance for concrete sleepers under there
test conditions. The lateral resistance values of spacings
between 700 and 850 mm are significantly lower at this
point. Likewise, the behaviour of both sleepers at very
small displacements (Fig. 6 inset) is very different, with
concrete exhibiting similar behaviour to steel sleepers in
some cases (e.g. at 600 mm). The reasons for this behav-
iour are explored further in Sect. 3.2

Railway Engineering Science

3.2 Digital image correlation

The data presented in Sect. 3.1 show sleeper spacing has a
significant influence on lateral resistance values, with a non-
linear relationship noted between the two for both sleeper
types. Utilising novel digital image correlation (DIC) tech-
niques, described in Sect. 2, the mechanisms behind this
behaviour can be inferred through surface level ballast
movement analysis. Figures 7—13 show ballast movement
in the region ahead of the leading edge of three sleepers,
referred to here-in as the ballast propagation zone, repre-
senting the area through which stresses and displacements
induced by sleeper movement are transmitted through the
ballast. These are shown for a given test at a spacing for both
steel (left) and concrete (right), where the analysis is limited
to the region of interest (as noted in Sect. 3 this is below
20 mm of displacement). In this instance, dark blue indicates
zero (or near zero) movement, whereas dark red indicates up
to 20 mm of movement at the surface. The average lateral
resistance (kN/m) generated at this displacement is noted for
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Fig. 8 Digital image correlation analysis for steel (ID26, 28.36 kN/m) and concrete (ID6, 12.71 kN/m) lateral resistance test at 600 mm spacing,

limited to 20-mm lateral displacement

Fig.9 Digital image correlation analysis for steel (ID28, 25.19 kN/m) and concrete (ID9, 13.22 kN/m) lateral resistance test at 650 mm spacing,
limited to 20-mm lateral displacement (note that steel sleeper tests at 650-mm were completed to a restricted displacement)

Fig. 10 Digital image correlation analysis for steel (ID32, 27.38 kN/m) and concrete (ID10, 11.22 kN/m) lateral resistance test at 700-mm spac-

ing, limited to 20 mm lateral displacement

Fig. 11 Digital image correlation analysis for steel (ID36, 18.62 kN/m) and concrete (ID13, 9.93 kN/m) lateral resistance test at 750-mm spac-

ing, limited to 20 mm lateral displacement
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Fig. 12 Digital image correlation analysis for steel (ID39, 20.93 kN/m) and concrete (ID17, 7.23 kN/m) lateral resistance test at 800-mm spac-

ing, limited to 20 mm lateral displacement

Fig. 13 Digital image correlation analysis for steel (ID42, 16.46 kN/m) and concrete (ID20, 9.55 kN/m) lateral resistance test at 850-mm spac-

ing, limited to 20 mm lateral displacement

each image. It should be noted that the comparisons drawn
throughout this section are qualitative only: The DIC system
used here is designed to capture broad surface displacement
patterns rather than resolve individual particle trajectories
or calculate volumetric ballast flow. As such, a quantitative
comparison between images is not required.

In general, the DIC observations reveal distinct differ-
ences between steel and concrete sleepers. Steel sleepers
produce narrow, consistent propagation zones originat-
ing near the sleeper spades, suggesting that vertical stress
transmission dominates their interaction with the ballast. In
contrast, concrete sleepers generate broader, cone-shaped
propagation zones, indicating more distributed lateral stress
paths and engagement of a larger volume of surrounding
ballast. This is explored further below.

Figure 7 shows the typical ballast movement ahead of
steel (ID24) and concrete (ID1) sleepers at 550 mm spacing.
In this instance, it can be seen that similar amounts of ballast
material are displaced, with significant interference between
each propagated ballast zone (seen here as the projection of a
cone). There is a difference in the shape of the ballast propa-
gation zone ahead of each sleeper type. The concrete sleep-
ers generate a zone of movement which propagates neatly
from the sleeper end into a cone projection multiple times
wider at the largest end. In contrast, the steel sleepers pro-
duce a much narrower overall zone that stays approximately
consistent in size across its distance but propagates from out-
side the visible sleeper end. This distance is approximately
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that of the sub-surface sleeper spades suggesting that this
causes additional surface movement through lines of verti-
cal ballast propagation (explored further in Sect. 4). The
analysis indicates that in both cases a significant volume of
ballast is mobilised as a result of sleeper movement at this
narrow separation distance, in a motion that can be described
as ‘bulk’ movement, with additional inter-sleeper ballast
mobilised when compared to extended spacings (as seen in
Figs. 11, 12, 13).

Figure 8 shows the typical ballast movement ahead of
steel (ID26) and concrete (ID6) sleepers at 600 mm spacing.
In comparison with Fig. 7, there is a reduced amount of bal-
last mobilisation present in the case of the steel sleeper with
clear inter-sleeper—ballast interaction, whereas the concrete
sleeper appears to behave similarly to the narrower spacing.
This difference in behaviour is indicative of the difference in
the zone of ballast propagation between both sleeper types.
This explains the very similar lateral resistance values gen-
erated by the concrete sleeper at these spacings. However,
despite the reduced volume of ballast mobilisation the steel
sleeper lateral resistance value generated here is the opti-
mum point when normalised by spacing. This would suggest
that at this spacing the ballast movement acts constructively
within the ‘zone of influence’ to increase overall resistance
to movement, as noted in Fig. 1. Although this analysis is
only at a surface level, it is likely that this interference also
occurs sub-surface to accentuate and enhance this effect.
In this instance, non-uniform panel behaviour can be seen
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ID24, in which the left-most sleeper has displaced more than
the right-most one. Although this does not affect the numeri-
cal outcome of the test, it does indicate how sensitive lateral
behaviour of railway track is to longitudinal alignment.

Figure 9 shows the typical ballast movement ahead of
steel (ID28) and concrete (ID9) sleepers at 650 mm spac-
ing. As noted in Table 3, the lateral resistance values gen-
erated by both sleeper types are very similar at 600 as it is
at 650 mm, particularly when normalised by sleeper spac-
ing. Congruently, this is reflected in the similarity between
Figs. 8 and 9. Although the increase in spacing distance
means that the amount of ballast volume moved at the sur-
face has decreased, it is clear that the ballast propagation
from the end of each sleeper is constructively interfering
within the ‘zone of influence’ to maintain overall lateral
resistance.

Figure 10 shows the typical ballast movement ahead of
the steel (ID32) and concrete (ID10) sleepers at 700 mm
spacing. Again, as noted in Table 3, the lateral resistance
values generated by both sleeper types are very similar
at 700 mm as it is at 600 and 650 mm; albeit reduc-
ing in the case of the concrete sleeper. However, this
behaviour is clearly directly related to the surface ballast
behaviour exhibited. The steel sleeper—ballast movement
is very similar to that shown in Fig. 9, but with distinct
regions of movement ahead of each sleeper beginning to
appear which result in reduced inter-sleeper interaction.
This is expected behaviour given the noted propagated
ballast zone geometry and, when taken with the lateral
resistance behaviour, suggests that, in the case of the
steel sleeper, it is indeed sub-surface ballast interaction
inside, around, and ahead of the sleeper that is generating
much of the lateral resistance performance. The concrete
sleeper behaviour is also to be expected, as the greater
sleeper spacing leads to ballast propagation zones which
are gradually reducing in interaction thus reducing over-
all lateral resistance performance.

Figure 11 shows the typical ballast movement ahead
of steel (ID36) and concrete (ID13) sleepers at 750 mm
spacing. As shown in Fig. 7 and Table 1, 750 mm is
the point at which the lateral resistance values of both
sleeper types begin to significantly decrease, with simi-
lar but a definite reduction in inter-sleeper interaction
visible. Although this is not as clear when compared to
larger spacings (Figs. 12 and 13), it is evident that this
is the point at which the small amount of surface inter-
action ceases to translate into sub-surface constructive
interference between each sleeper.

Figure 12 shows the typical ballast movement ahead
of steel (ID39) and concrete (ID17) sleepers at 800 mm
spacing. As previously noted, it is clear that at 800 mm
and 850 mm (Fig. 13), which are very wide spacings,
almost all inter-sleeper—ballast interaction ceases. This
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leaves visible pockets of undisturbed surface level bal-
last. The reduction in lateral resistance at these spacings
would suggest that this interaction is also significantly
reduced at the sub-surface level, with any differences
in lateral resistance value attributed to overall ballast
bed consolidation which is difficult to control absolutely
under laboratory conditions.

Figure 13 shows the typical ballast movement ahead of
steel (ID42) and concrete (ID20) sleepers at 850 mm spac-
ing. The ballast movement at this spacing is very similar to
that shown in Fig. 12, which is to be expected. As noted, it
can be inferred that the slight rise in lateral resistance values
at this spacing are down to a more consolidated ballast bed,
particularly in the concrete tests. This can be seen in a more
uniform ballast movement distribution ahead of each sleeper,
compared to that shown in Fig. 12.

While DIC captures only surface displacements, these
patterns provide mechanistic insight into sub-surface
ballast behaviour. The narrow steel propagation zones
suggest a concentrated transfer of loads through vertical
ballast propagation, whereas the broader concrete zones
indicate a wider ballast mobilisation regime. However, it
should be noted that 3D ballast interactions and particle
interlocking are not directly observed and may influence
actual sub-surface behaviour. Overall, the DIC analysis
supports the interpretation that the non-linear relation-
ship between sleeper spacing, and lateral resistance
arises from the constructive or diminishing interference
of ballast movement between sleepers, with both surface
and inferred sub-surface mechanisms contributing to the
observed behaviour.
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4 Discussion

To better understand the effect of sleeper spacing the per-
formance of both concrete and steel sleepers, the lateral
resistance behaviour has been examined under seven distinct
sleeper spacings utilising a novel MSPT methodology which
limits the uplift displacement a sleeper panel can experi-
ence during a test whilst allowing for up to three sleepers to
be tested in combination. This unique test apparatus means
that these tests can be completed to lateral displacements
much greater than most existing literature, whilst monitor-
ing surface level ballast movement to gain a deeper insight
into sleeper behaviour under the given conditions. However,
some tests within this study were limited in lateral displace-
ment as a result of force limitations associated with some
elements of the experimental apparatus, although this did not
affect outcomes of the study. Where it is possible to compare
lateral resistance values to existing literature, the values are
within a maximum of 12% of those reported for both labora-
tory and field experiments. However, as is expected, all val-
ues were lower than those found during experiments which
reported the use of dynamic track stabilisation techniques.
Although this highlights how difficult it is to replicate real
world consolidation techniques within a laboratory setting,
the lateral resistance values generated were within one SD.
This suggests that the level of consolidation reached within
this study is a reasonable approximation for that found
within the real track system or, at least, that the relatively
unique three sleeper experimental set-up is able to mimic
real track system responses through close replication of the
real track system. When taken together, these two factors
strongly suggest that the relative ranking of results would be
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the same as if a real track system had been used to conduct
the tests.

As described in Sect. 3, the differences in lateral resist-
ance behaviour between each sleeper type—particularly
at distances beyond 5 mm—suggest that sub-surface
sleeper—ballast interaction has a critical role in governing
overall lateral resistance (i.e. behaviour not immediately
evident in the surface level analysis shown in Figs. 7-13).
Although several mechanisms may contribute to this, the
most likely explanation relates to differences in sleeper
geometry, both internal and external, as shown in Fig. 14.

The surface DIC analysis provides a comprehensive
view of how surface movement occurs, but also indirectly
indicates how ballast may be mobilised beneath the surface
because, as discussed in Sect. 3, each sleeper type displays
unique surface propagation behaviour. As can be seen, in
the case of the steel sleeper, the spade (which constitutes
the sleeper end) is embedded within the ballast due to the
concave soffit geometry. Furthermore, the spade end is sig-
nificantly wider than the central sleeper soffit. This geom-
etry produces a wider engagement zone at the sleeper ends,
which likely promotes deeper and more laterally distributed
ballast mobilisation, aligning with the broader and more
dispersed propagation zone patterns observed in Sect. 3.
In contrast, the concrete sleeper only interacts with ballast
directly ahead of its geometrical boundaries—explaining
why ballast movement propagates directly from this region
with very little deviation.

Previous studies have shown that steel sleepers gener-
ate more of their overall lateral resistance from internal
sleeper—ballast interactions than concrete sleepers, and
due to their shape invoke additional contributions from
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Table 4 Summarised peak lateral resistance at € values and associ-
ated optimum sleeper spacing for steel (W560H) and concrete (G44)
utilising different lateral resistance assessment metrics

Sleeper type Lateral resistance ~ Peak lateral ~ Optimum

assessment metric  resistance sleeper spacing
ate (mm)
Steel (W560H) Overall (kN) 44.27 706
Normalised (kN/m) 22.05 643
Concrete (G44) Overall (kN) 22.59 675
Normalised (kN/m) 12.66 550

pseudo-crib and pseudo-end contributions [23], which sup-
ports the inferences made about the relationship between
surface and sub-surface behaviour. Although caution should
be taken when applying this inference, the consistency
between sleeper geometry, observed DIC patterns, and the
corresponding lateral resistance trends provides a coherent
mechanistic explanation linking surface and sub-surface
behaviour.

The results presented in Figs. 4, 5 and 6 show that there
is a difference between assessing lateral resistance perfor-
mance and behaviour as a whole panel of a given number
of sleepers (kN), normalised for the number of sleepers
present (kN/sleeper), or normalised for the sleeper spacing
used (kN/m). Although conventional SSPTs only allow for
an assessment of lateral resistance to make using the first
two methods, an MSPT using the configuration described
enables a spacing normalised assessment. This unlocks the
ability to fairly compare the behaviour of sleepers at differ-
ent spacings whilst also enabling the assessment of a system,
which is vital for informing optimised track system design.
This is highlighted by the summarised results, shown in
Fig. 15, which presents both overall lateral resistance and
lateral resistance normalised by sleeper spacing at the &
value against sleeper spacing.

Utilising this discretised description of lateral resist-
ance behaviour, lateral resistance values can be directly
related to sleeper spacing and an optimum point found
under each condition. In each instance, the function is
formed to avoid mutual dependency between each param-
eter to ensure that the function is able to converge suffi-
ciently during fitting.

The following equations describe the fitted functions,
p is lateral resistance:

Concrete G44 (kN)

p(sq) = —93.688(s4 — 0.675)% +0.355(s,) +22.350, (1)
Steel W560H (kN)

p(s4) = —459.885(s5 — 0.706)” + 0.359 (s ) + 44.021, (2)
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Concrete G44 (kN/m)
P(Sd) = —30.710(sd - 0.550)2 - 7-573(Sd) +16.825, (3)
Steel W560H (kN/m)

p(s4) = —198.298(s, — 0.643)” +0.1359(s,) +21.819.
@

Applying the fitted functions described by Eq. (1)-(4)
results in the derivation of the likely optimum sleeper
spacing for each sleeper type as shown in Fig. 9 and sum-
marised in Table 4.

These derivations show that when the system is conven-
tionally assessed using overall lateral resistance, the opti-
mum sleeper spacing for steel sleepers is approximately
706 mm whilst concrete sleepers have an optimum sleeper
spacing of approximately 675 mm. These are both larger
than the standard spacing of 650 mm used by many infra-
structure operators (including the UK [6]). When consid-
ered in this way, as shown in Fig. 9, the concrete sleeper
lateral resistance curve is notably flatter than that of steel
sleepers, which suggests that the type is less sensitive to
changes in spacing—behaviour which is consistent with
the mechanisms described above. Although the overall
lateral resistance of concrete sleepers is approximately
half that of the steel sleeper, the flatter curve suggests
that more similar, predictable behaviour could be expected
across spacing variations.

Additionally, despite near complete ballast mobilisation,
smaller spacings (e.g. 550 mm) for both sleeper types do
not exhibit a significant increase in lateral resistance per-
formance when compared to much wider spacings (e.g.
850 mm). This suggests that reducing sleeper spacing to
increase lateral resistance performance of a track system will
not necessarily be of benefit and could be detrimental to
the overall system when assessed holistically (i.e. an addi-
tional financial and environmental cost is introduced). When
considered as lateral resistance normalised by sleeper spac-
ing, the optimum sleeper spacing, and corresponding peak
lateral resistance value, reduce for both sleeper types. In
this instance the steel sleeper value drops to approximately
643 mm, whilst the concrete sleeper value reduces signifi-
cantly to approximately 550 mm, whilst the fitted curves are
significantly flatter for both types. This means that smaller
sleeper spacings are much similar in lateral resistance (or in
the case of the concrete sleeper, the optimum) to the opti-
mum point and are much greater than wider spacings (e.g.
850 mm)—this agrees with the image analysis described in
Sect. 3.

However, although there is clear scope to increase track
lateral stability through the optimisation of sleeper spacing
and the selection of appropriate sleeper types, alterations to
both do have broader implications for overall track behaviour
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and performance which must be considered. A reduction in
sleeper spacing increases overall track stiffness, which tends
to elevate rail bending moments and vertical contact stresses
thus accelerating material degradation and fatigue phenom-
ena [6]. Conversely, wider spacing increases the unsupported
span between rail support points which increases vertical
rail deflections and thus bending moments, which can accel-
erate ballast breakdown and settlement [9]. Furthermore,
the chosen sleeper type and loading on the system can also
influence track performance. Sleepers which have a lower
mass, like steel, can respond differently under dynamic train
loads which can affect wheel-rail contact forces and overall
track dynamic response [49]. This underscores the fact that
decisions about the track system must be considered holisti-
cally, and not by single metrics. Ultimately this means that
parameters such as sleeper spacing must be evaluated and
optimised alongside other key parameters including lateral
resistance, track stiffness, dynamic load distribution, rail
specification, or maintenance demands to avoid unintended
system degradation, safety risks, or other operational con-
straints (e.g. steel sleepers are generally not suitable for use
in third-rail electrification areas due to electrical insulation
and clearances [15]).

5 Conclusions

The characterisation of lateral resistance properties of rail-
way sleepers in ballast track is vital in ensuring overall track
stability, and the assessment of this property, and its associ-
ated parameters, is critical to overall track design and com-
ponent selection. In the work presented, the influence of
sleeper spacing on the lateral resistance performance of both
concrete (G44) and steel (W560H) sleepers has been com-
pared in a laboratory environment using a novel full-scale
MSPT methodology, comprised of three sleepers. This is
the first direct comparison between the behaviour of modern
concrete and sleeper variants in this arrangement. The most
important results are summarised as follows:

1. Steel sleepers outperform concrete sleepers, with
respect to lateral resistance, at lateral displacements
greater than 3 mm, while both perform similarly at small
displacements.

2. The crossover displacement occurs below 10 mm,
which is a shorter displacement when compared to SSPT
observations—Ilikely due to the conditions imposed upon
the sleepers being more representative of those found in
track.

3. Optimal sleeper spacing is approximately 706 mm for
steel sleepers and 675 mm for concrete sleepers, when
overall lateral resistance is considered.
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4. Concrete sleepers exhibit a much flatter lateral resist-
ance curve indicating lower sensitivity to spacing
changes, whereas steel sleepers maintain higher resist-
ance over a narrower spacing range.

5. Narrow sleeper spacings offer limited additional ben-
efit, with respect to lateral resistance, suggesting potential
unnecessary financial and environmental costs.

Overall, this work has shown that MSPTs have the poten-
tial to produce a more effective means of assessing and char-
acterising both sleeper and track behaviour, particularly with
respect to lateral resistance, when compared to SSPTs. This
is because they better replicate in situ field conditions and
allow the critical inter-sleeper—ballast interaction to occur.
However, MSPTs are inherently more resource-intensive to
undertake, requiring additional equipment and increased
test durations and so may not always be the best method
within a laboratory setting. Future studies should seek to
expand the presented work to firstly include a wider range
of sleeper types used in contemporary railway infrastructure
and secondly examine the effects of ballast dimensions on
lateral resistance during MSPTs (particularly related to the
ballast shoulder). Additionally, an opportunity now exists to
examine the broader, system-level implications of altering
sleeper spacing beyond lateral resistance performance (i.e.
overall environmental impacts, or wheel-rail contact per-
formance) through data-driven insights derived from unique
datasets. The examination of these effects could inform more
efficient spacing strategies (i.e. safely increase the separa-
tion distance between each sleeper without a reduction in
system performance), ultimately reducing embedded car-
bon and infrastructure costs through a change in established
infrastructure design practices whilst helping support the
transition to lower carbon transport networks and increasing
network resilience.
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