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Turnouts are essential components of the railway infrastructure. Their sleepers change in length 
leading to asymmetric loading and structural discontinuities. This accelerates ballast wear and sleeper 
settlement creating challenges for maintaining track geometry and safety. Understanding load transfer 
from sleepers to ballast is key to improve railway durability and performance. This study examines 
the settlement behavior of turnout sleepers and the pressure distribution beneath them in a large-
scale laboratory ballast box test. Cyclic loading tests were conducted on a long concrete sleeper with 
and without under sleeper pads (USP) to compare their load transfer characteristics and settlement 
behavior. For this laser displacement sensors and pressure mapping sensors (Getzner Sensor Sleeper 
technology) were used. A vertical cyclic load, oscillating between 5 kN and 160 kN at frequencies of 
3 Hz to 5 Hz, was applied to one side of the turnout sleeper, while a constant load of 10 kN was applied 
to the opposite side to represent the structural stiffness of the turnout. For each test configuration 
more than four million load cycles were carried out. The sleeper showed a degressive settlement 
pattern with asymmetric distribution. The use of USP resulted in more uniform and gradual settlement, 
more uniform pressure distribution and reduction of pressure peaks over time. Additionally, the sleeper 
deformation caused by the load was mitigated and the occurrence of voids underneath the sleeper was 
significantly reduced. The sleeper with elasto-plastic USP show larger initial oscillation amplitudes due 
to the pad’s elasticity, which stabilizes over time.
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Ballasted tracks have provided stable train operation for nearly 200 years. Most railways run on ballasted tracks. 
However, track geometry deteriorates over time as a result of varying settlement along the track. When changes 
in track geometry reach certain limits, maintenance is needed to restore track quality to its required level to 
ensure a safe train service.

A large part of the settlement can be attributed to the ballast layer1. Settlement cannot be easily modeled 
or predicted computationally or experimentally. Thus, the experimentally investigated settlement is often used 
as an estimation of the potential of settlement under certain conditions. There are many empirical models 
predicting ballast settlement depending on the number of train axle passes or cumulative load. These models 
tend to produce very different results. One reason could be a different consideration of the input parameters.

Maintenance of ballasted tracks is associated with high costs. Due to the increase in passenger and freight 
traffic, the usage of certain track sections has increased, leading to shortened maintenance cycles. Particularly 
areas with discontinuities, such as turnouts, crossings, and stiffness transitions, are prone to deteriorate faster.

A solid construction of the track design can help reduce maintenance requirements and increase service life. 
This leads to a reduction of service costs. To design better tracks, it is important to understand the behavior of 
ballast and sleeper interaction.

Ballast layer
Turnout sleepers are critical components of the railway system, providing support for two tracks and transferring 
loads to the underlying ballast in the transition zone where two tracks merge into one. Unlike standard sleepers, 
turnout sleepers support two tracks and are subject to asymmetric loading during operation. Their dynamic 
response to repeated loading can result in differential settlement, posing a significant challenge to maintaining 
track quality and ensuring operational safety. The settlement of turnout sleepers in ballasted tracks is a complex 
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phenomenon influenced by numerous factors, including the mechanical properties of the materials involved, the 
loading conditions from train traffic, and the interactions between the sleepers and the ballast.

One of the primary mechanisms contributing to the settlement of turnout sleepers is the deformation of 
the ballast layer beneath them. Simple changes of substructure design, such as increasing the degree of lateral 
confining pressure, shallower ballast shoulder slope, geogrids, or ballast modification can already help to 
improve the performance of the entire track2–4. The ballast, composed of coarse aggregates, is designed to 
provide stability and support for the sleepers. However, under the repeated passage of trains, the ballast can 
experience compaction, degradation, and movement, leading to uneven support conditions. Studies have shown 
that the quality and behavior of the ballast, as well as the sub-ballast and subgrade layers, play crucial roles in 
determining the extent of settlement experienced by the sleepers5–7. For instance, repeated loading can cause the 
ballast to deform permanently, resulting in some sleepers becoming partially or completely unsupported, which 
exacerbates the settlement issue5,6,8. Loading frequency is a crucial factor, as higher frequencies lead to greater 
settlement and other critical effects9–13.

The severity of track settlement is linked to the characteristics and performance of the ballast, sub-ballast, 
and subgrade14. The settlement process can be divided into two primary stages, the initial rapid phase that 
occurs after fresh ballast placement or maintenance tamping and a subsequent phase characterized by slow 
gradual ongoing subsidence. The gradual subsidence generally diminishes as traffic volume increases. The initial 
settlement phase can be attributed to the compaction of the ballast material. Once the ballast reaches a greater 
level of density, the subsequent phase of settlement gains prominence. This phase might be caused by particle 
breakage and particle rearrangement. It is determined by several factors, such as deviatoric stresses, subgrade 
stiffness, vibrations, and degradation. Settlement models often rely on logarithmic laws to describe settlement 
behavior, and the laboratory test results show that these models closely align with real-world observations15. 
However, the actual settlement is influenced by many factors that are not fully captured by these mathematical 
formulations. The stochastic nature of ballast settlement also significantly contributes to the variability in 
settlement behavior16–18. Several discrete element method (DEM) studies have been conducted to investigate the 
mechanical behavior of railway ballast19–21 and numerous experimental studies have also been performed22–35. 
Experimental setups, for example the ballast box, serve as valuable tools for validating simulation models.

Sleeper
The mechanical properties of the sleepers themselves also affect their settlement behavior. Research indicates 
that the modulus of elasticity of the sleeper material and the sleeper support modulus play a significant role 
in determining how far the sleeper will settle into the ballast under load36,37. Uneven settlement can then lead 
to unsupported sleepers in the track. This phenomenon is particularly concerning in high-speed rail systems, 
where the dynamic loads are significantly higher, leading to increased rates of settlement and potential track 
failure8,38. The shape and length of the sleeper influence both settlement and the support condition39. During 
the initial phase of the vibration test, the difference in displacement amplitude between the sleeper ends and its 
center may indicate whether the support is predominantly central or located at the edges40.

Moreover, the design and maintenance practices employed in the construction of ballasted tracks can 
significantly influence the settlement behavior of turnout sleepers. Tamping operations, which involve 
compacting the ballast, are crucial for maintaining the integrity of the track structure. Studies have shown that 
effective tamping can enhance the mechanical properties of the ballast bed, thereby improving the support 
provided to the sleepers41. However, if tamping is not performed adequately, it can lead to the formation of voids 
beneath the sleepers, resulting in increased dynamic responses and further settlement42.

The interaction between the sleepers and the ballast is also critical in understanding settlement dynamics. 
When sleepers lose contact with the ballast, they can become “hanging,” which leads to increased vertical 
displacements and load redistributions among adjacent sleepers43,44. This situation can create a feedback 
loop, where the increased load on neighboring sleepers exacerbates their settlement, leading to a cascading 
effect throughout the track44. When a sleeper is hanging, it may not provide adequate support to the track 
and thus can lead to instabilities, uneven track alignment, and potential safety concerns for train operation. 
Some investigations were already conducted specifically on the distribution of loads beneath the sleeper45–47. 
Hanging sleepers can also enhance the dynamic behavior of the sleeper, leading to increased acceleration48. 
This acceleration has a significant impact on ballast settlement49. Consequently, monitoring and addressing the 
condition of the ballast and the support provided to the sleepers is essential for ensuring the long-term stability 
of railway tracks.

In summary, the settlement of turnout sleepers in ballasted tracks is influenced by a multitude of factors, 
including ballast degradation, sleeper material properties, dynamic loading conditions, and maintenance 
practices. The use of USPs and effective tamping operations can help mitigate some of the adverse effects 
associated with sleeper settlement. However, continuous monitoring and assessment of track conditions are 
necessary to prevent excessive settlement and ensure the safety and reliability of railway infrastructure.

Under sleeper pads (USP)
Multiple studies have shown the benefits of under sleeper pads (USP) regarding maintenance reduction, track 
alignment, and life cycle costs in the past. Tamping intervals can be prolonged with USP, helping the operator to 
run the network in an economic way50,51.

USPs are designed to reduce the impact of dynamic loads, improve the load distribution across the ballast, 
and reduce ballast contact pressure46,52–56. By providing a cushioning effect, these pads can help maintain better 
contact between the sleepers and the ballast, thereby reducing settlement and the likelihood of differential 
settlement1,56–59. USPs are particularly effective in minimizing edge breakage of the ballast at the sleeper-ballast 
interface1,60.
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USPs are made of different materials. Depending on the material and design, the USP displays elastic or 
elasto-plastic properties. Especially stiff elasto-plastic USP made of polyurethane are able to create a large 
contact area between ballast and sleeper and therefore reduce ballast contact pressure by more than 70%. USPs 
with similar stiffness but purely elastic properties are not able to achieve such reduction61.

The introduction of under sleeper pads (USP) has been proposed as a solution to mitigate the dynamic effects 
transmitted from the rails to the ballast for this test.

Aim of this study
Several studies have investigated the behavior of ballast and the settlement of sleepers under cyclic loading, 
both numerically and experimentally. However, these studies have not specifically addressed turnout sleepers. 
Turnout sleepers differ significantly from standard sleepers in both geometry and loading conditions. Due to 
the design of the turnout, loads are primarily applied to one side of the sleeper, resulting in asymmetric load 
transfer to the ballast. This is in contrast to standard track sections, where sleepers typically experience more 
symmetric loading. The unique geometry of turnout sleepers, combined with asymmetric and often increased 
load conditions, justifies the need for dedicated investigation. These distinct loading behaviors can lead to 
different settlement patterns and support conditions that are not adequately represented in studies focusing 
solely on standard sleepers. The primary objective of this study is to gain a deeper understanding of the 
settlement behavior of turnout sleepers and the development of the pressure distribution beneath them. Pressure 
distribution is a crucial parameter for detecting the formation of hanging sleepers or cavities under sleepers. A 
key focus of this investigation is the influence of under sleeper pads (USP) on settlement, dynamic behavior, and 
pressure distribution. These experiments aim to enhance our understanding of the behavior and deterioration of 
turnouts and crossings, ultimately leading to improved measures for enhancing the performance and lifespan of 
railway tracks. The data collected will aid in predicting track alignment over time and provide insights into the 
formation and causes of cavities beneath sleepers which can be seen as hanging.

Materials and methods
Test setup
Figures 1 and 2 illustrate the setup of the ballast box test. In this configuration, the force is applied to the left rail 
track and distributed evenly across both rails. The hydraulic cylinder generating the force is connected to the 
sleeper’s load application point via a spherical seating, which allows a certain amount of tilting. To simulate the 
behavior of the adjacent track and achieve more realistic results, the right track is subjected to a constant preload 
of 10 kN. This force is applied using a hydraulic cylinder, with an elastic element positioned between the cylinder 
and the sleeper to provide a defined preload and holding of the sleeper.

The laboratory test represents a simplified approximation of real-world conditions and is intended to provide 
initial insights into the behavior of turnout sleepers under asymmetric loading. While this setup cannot fully 
capture the complexity of field conditions, it allows for a controlled investigation of fundamental load transfer 
mechanisms and settlement behavior, forming a basis for future, more comprehensive studies.

Ballast box
A steel box, as shown in Fig. 3, with dimensions of 5 m x 1.5 m x 0.5 m, was used to contain the ballast and 
sleeper for the settlement test. The interior side surfaces of the box were lined with damping material to mitigate 
dynamic wave reflections at the edges, effectively reducing noise and suppressing oscillations within the system. 
Ecomer ER 607, with a thickness of 17 mm and a static bedding modulus of 0.12 N/mm3 was used for this 
purpose.

Additionally, the box dimensions were designed to be sufficiently large to minimize wave deflection. An 
elasto-plastic under sleeper pad (USP) was installed at the bottom of the box to simulate the behavior of the 

Fig. 1.  Test setup.
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subsoil. Sylomer SLB 3007G, with a thickness of 12 mm and a static bedding modulus of 0.36 N/mm3 was used 
for this purpose.

Ballast
Siliceous limestone was used as the ballast material. The solid (particle) density of the ballast was approximately 
2680 kg/m3, while the bulk density of the compacted ballast layer was around 1950 kg/m3. As shown in Fig. 4, the 
ballast was sieved prior to insertion. The ballast was applied in three layers, each 10–15 cm thick, with each layer 
compacted using a vibrating soil compactor plate (Dynapac LF62) to achieve a uniform and stable ballast bed. 
Prior to the main experiment, preliminary tests were conducted to assess and adjust the compaction procedure, 
ensuring that the ballast bed achieved a level of compactness representative of field conditions. While exact 
field compaction levels can vary depending on location and traffic history, care was taken to replicate realistic 
stiffness and support characteristics as closely as possible within the laboratory setting. For both experiments, 
fresh ballast was used, and the box was refilled and compacted accordingly. The total height of the ballast layer 
was 35  cm. Blue markings were applied to indicate the sleeper position. These markings also facilitated the 
observation of ballast stone breakage or realignment of ballast stones after the test (Fig. 4).

Sleeper and USP
A TSF-A turnout sleeper (Fig. 5) was used in the experiment, with dimensions of 4.206 m × 0.3 m × 0.22 m and 
a weight of 727 kg. This sleeper is designed to support two tracks side by side. The experiment was conducted 
twice: once with the sleeper equipped with under sleeper pads (USP) and once without them. For the USP 
material Sylomer SLB 3007G, with a thickness of 12 mm and a static bedding modulus of 0.36 N/mm3 was 
used. The applied load was transferred from the hydraulic cylinder to the rails via a steel beam. The steel beam 
weighs about 300 kg and each of the four rail pieces weighs 30 kg. In total there is 1147 kg, resulting in 11.25 kN 
additional force acting beneath the sleeper. The weight of the steel beam was not included in the applied load and 
therefore acted as an additional static force on the system.

Fig. 3.  Steel ballast box and damping material.

 

Fig. 2.  Sketch of the test configuration.
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Load generator
A hydraulic load generator, as shown in Fig. 1, was used in the experiment. The system consisted of a rigid 
frame and two hydraulic cylinders designed to apply loads to the sleeper. To accommodate tilting caused by 
inhomogeneous settlement along the sleeper, a spherical seating was incorporated at the cylinder, allowing slight 
tilting at the load transfer point.

Sensors
The sleeper was equipped with several laser sensors to record the change of position and orientation due to 
cyclic loads. Additionally, inductive displacement sensors were installed on the sides of the sleeper to verify the 
measured values of the laser sensors. Figures 6 and 7 show the sensor configuration layout. The sensors attached 
in the middle of the sleeper are for the detection of sleeper deformation due to the applied force. This provides 
important insight into the development of “hanging sleepers.” Furthermore, the load distribution underneath 
the sleeper was detected with a Getzner Sensor Sleeper specifically developed for this field of use to obtain better 
knowledge of ballast contact pressures. The sensor pads are not capable of covering the entire underside of the 
sleeper because of the design and the electronic parts located on the sides. Figure 8 shows the arrangement of the 
Getzner Sensors with and without USP. The sensitivity of the sensors is chosen to fully cover the peak pressures 
at the sleeper-ballast interface, which indirectly leads to imprecise measuring of lower pressure values. Hence, 
the measured pressure values only allow for a qualitative analysis.

For pressure mapping, all measurements were conducted with consistent sensor sensitivity for each sleeper. 
The sensitivity was adjusted for each sleeper to ensure alignment with the appropriate measuring range. The 
sensitivity of the sensor pads determines the range within which the sensors can provide accurate measurements. 
Given that the sensor has a resolution of 8 bits, it is crucial to define the measurement range appropriately to 
ensure accurate data collection. Values falling below or exceeding this range are truncated, limiting the sensor’s 

Fig. 5.  TSF-A turnout sleeper.

 

Fig. 4.  Steel box filled with ballast (left) and ballast sieve curve (right).
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ability to measure accurately at extreme pressures. Consequently, the measured forces are approximations rather 
than precise values. The plots were generated using the same scale to facilitate easy comparison.

It is important to note that the active sensor surface covers approximately half (47.45%) of the total surface 
area of the turnout sleeper. As a result, while the total force distribution across the entire sleeper surface cannot 
be fully determined, the sensor data still provides valuable insights into the pressure distribution patterns.

Test procedure
The ballast was inserted in the box layer by layer. Each layer was compacted individually with a low-destructive 
vibrating plate. Afterwards the sleeper was placed on the ballast with a crane. The sleeper was not buried in 
the ballast like conventional operating rail track sleepers. The load distribution on the two rails was equally 
distributed to the rails via a steel beam lying on the two left rails constituting the turnout’s through route.

Preliminary tests were conducted using static and cyclic loads up to a maximum of 120 kN, with both 
asymmetric and symmetric load distributions applied to the rail. In these tests, one side of the sleeper was either 
preloaded or loosened, depending on the test scenario. All tests were performed at a maximum load frequency of 
3 Hz. However, these preliminary experiments are not the primary focus of this paper and will not be discussed 
in detail. The focus of this study is on long-term cyclic testing, which is challenging to study numerically. It 
is important to highlight that before the long-term cyclic tests were conducted, the experimental setup with 
under sleeper pads (USP) was preconditioned with approximately 200,000 cycles, while the setup without under 
sleeper pads (no USP) underwent preconditioning with about 140,000 cycles.

At the beginning of the experiment, the sleeper requires a certain period to stabilize, which can be characterized 
as a “run-in” condition. The pre-tests can be considered as the run-in phase. Following this stabilization phase, 
the long-term cyclic loading test can commence.

The core of this study is the long-term cyclic loading test, in which the sleeper was subjected to an oscillating 
force ranging from 5 kN to 160 kN, with frequencies varying between 3 Hz and 5 Hz. In the test involving 
under sleeper pads (USP), the frequency was increased from 3 Hz to 5 Hz after approximately 1.3 million cycles. 

Fig. 7.  Pressure mapping sensor plan of the sleeper (top view)62.

 

Fig. 6.  Displacement sensor plan of the sleeper (top view).
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Conversely, in the test without USP, the frequency adjustment from 3 Hz to 5 Hz occurred after approximately 
1.8 million cycles.

Results
Sleeper settlement
Figure 9 presents the movement coordinates of the sleeper. For the analysis, two critical points on the sleeper 
were selected: One is located on the far left, which is considered as the point with the greatest movement and 
settlement, and another one is located directly beneath the loaded track on the left side (Fig. 10). Figure 10 
illustrates the sleeper’s settlement behavior as represented by the data of sensor 1 and sensor 5. A degressive 
settlement pattern is clearly observed, with the majority of settlement occurring during the initial phase of the 
experiment. Over time, the settlement rate appears to converge toward a final value. Preliminary tests suggest 
that this degressive settlement pattern is repeated when the applied force is increased. The diagram represents an 
enveloping curve that defines the upper and lower bounds of force variation during oscillation.

The settlement curve for sleepers without USP is characterized by increased irregularities and numerous 
discontinuities, as shown in Fig. 11. This behavior can be attributed to the more direct contact between the sleeper 
and ballast in the absence of USP, resulting in significantly higher surface pressures at the contact points and 
higher breakage or rearrangement of the ballast. In contrast, the presence of USP promotes a more homogeneous 
pressure distribution and milder pressure gradients, preventing individual stones from embedding deeply into 
the ballast. Additionally, the ballast stones can penetrate the elasto-plastic under sleeper pad (USP) material, 
leading to interlocking.

The under sleeper pads (USP) resulted in both higher total displacement and greater oscillation amplitude, as 
seen in Figs. 10, 12 and 13. On the far left side, the total displacement of the sleeper with USP is approximately 
twice as large as that of the sleeper without USP, with a similar doubling in oscillation amplitude. Directly beneath 

Fig. 9.  Definition of sleeper movement.

 

Fig. 8.  Bottom of sleeper with and without USP.
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the loaded track, the total displacement of the sleeper with USP is also about twice as high as for the sleeper 
without USP. However, in this location, the oscillation amplitude of the sleeper without USP is significantly 
higher than that of the sleeper with USP.

The under sleeper pad (USP) exhibits both elastic and plastic behavior, depending on the magnitude and 
duration of the applied force. Preliminary tests indicated that the pad material requires additional time to 
recover and expand. Consequently, the settlement and alignment of the sleeper with USP may change slightly 
over time when subjected to lower forces or no load at all. The laser sensors measure the position and movement 

Fig. 11.  Detail view of settlement for laser sensor 1 for USP and no USP.

 

Fig. 10.  Sleeper settlement for laser sensor 1 and 5 with and without USP.
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of the sleeper; however, they are unable to differentiate between deformation of the ballast and deformation of 
the under sleeper pad (USP).

Changes in oscillation amplitude, in particular, can reveal important information about the dynamic 
behavior of the sleeper. Figures 12 and 13 show the oscillation amplitude over time at two positions on the 
sleeper, comparing the sleeper with and without USP. The data reveal that, for sleepers with USP, the oscillation 
amplitude on the far left side of the sleeper decreases over time, whereas for the sleeper without USP, the 
amplitude remains relatively constant. This phenomenon may be attributed to the elasto-plastic pad material, 
which gradually compresses over time.

Sleeper position and contact points
The alignment changes of the sleeper were analyzed by evaluating displacement sensor data at specific time 
points or cycle numbers. These sensors, positioned at various locations along the sleeper, also provided insight 
into the sleeper’s deformation under load.

Figure 14 shows the alignment of the sleeper after a different number of load cycles, where on the left side the 
sleeper without USP and on the right side the sleeper with USP is shown. For positions where two sensors were 
located at the same lateral position, the mean value of their measurements was used since the investigation of 
sleeper rolling was not the aim of this study. In the following, the “unloaded” condition corresponds to a force of 
5 kN, while the “loaded” condition corresponds to a force of 160 kN. The lower force is meant to represent the 
preload typically observed under field conditions. In Fig. 14 the top rows show the “unloaded” and the bottom 
row the “loaded” condition.

The data shows a degressive settlement pattern. What can also be seen is that the sleeper gets tilted so strongly 
that the other end of the sleeper moves in the opposite direction. That means that this side gets relieved while the 
other side gets more load. Further, the sleeper without USP exhibits slight bending under the loaded condition, 
a phenomenon not observed in the sleeper with USP. This difference can be attributed to the softer and more 
homogeneous embedding provided by the USP. In contrast, the sleeper without USP does not exhibit smooth 
embedding. Instead, it rests on discrete bearing points that act as abutments. Between these points, the sleeper 
experiences bending under load. The pressure distribution indicates the presence of a “hanging sleeper” effect 
(Fig. 15). Given that concrete is inherently weak in resisting tensile and bending forces, this condition can result 

Fig. 13.  Oscillation amplitude at laser sensor 1 and 5 for sleeper without USP.

 

Fig. 12.  Oscillation amplitude at laser sensor 1 and 5 for sleeper with USP.

 

Scientific Reports |        (2025) 15:16717 9| https://doi.org/10.1038/s41598-025-01751-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


in accelerated fatigue, cracking, and wear of the sleeper. To gain deeper insights, a more detailed examination of 
the data is conducted in the following sections.

Figure 15 illustrates the pressure distribution on the sleeper at different load cycles in the loaded and unloaded 
state. Three stages are depicted: the beginning, middle (about 2 Mio cycles), and end of the long-term test (about 
4 Mio cycles). In the unloaded state of the sleeper with USP, the pressure distribution is skewed toward the right 
side, likely due to the initial preload of 10 kN applied on that side. When the sleeper is loaded, the pressure 
distribution shifts more toward the left side. The distribution becomes more pronounced under load, with the 
individual ballast stones pressing through the USP onto the sleeper becoming clearly visible. For the sleeper 
without USP, the pressure gradients are significantly higher, and the contact areas are considerably smaller. As 
a result, the peak pressures are considerably higher compared with the setup with USP. Over time, the pressure 
distribution for the sleeper without USP indicates the development of new contact points. For the sleeper with 
USP, the high pressure contact points decrease over time, suggesting a redistribution of forces along the sleeper. 
The contact zones beneath the sleeper with USP remained largely unchanged, indicating that no significant voids 
or unsupported areas developed over time.

It can be clearly seen that for the sleeper without USP there is an unsupported area in the middle of the 
sleeper. Only after the force is applied does the sleeper’s middle part touch the ballast. This leads to unfavorable 
loading conditions for the sleeper which can entail high bending stress in the long run.

Pressure distribution under the sleeper
The pressure distribution beneath the sleeper provides valuable insights into the sleeper’s embedding and contact 
conditions, which are key factors influencing settlement behavior. The load distribution underneath the sleeper 
is not homogeneous due to the ballast. High contact forces caused by individual ballast stones carrying the 
sleeper can lead to higher wear and breakage of the ballast stones and therefore change the bedding conditions 
of the sleeper. Uneven pressure distribution can lead to unsupported or hanging sleepers and increased stress on 
the sleeper. To better understand the physics of the sleeper-ballast interaction, a detailed analysis of the pressure 
distribution is conducted. This analysis focuses on maximum pressure values, mean pressures, distribution 
patterns, and the standard deviation of the measured pressures.

Fig. 14.  Alignment of turnout sleeper under varying load conditions after different load cycles.
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Most of the force is transmitted through individual stones beneath the sleeper. The concentration of 
high forces on these individual stones may cause them to penetrate deeper into the ballast layer, resulting in 
reorientation, rearrangement, or even breakage. This process could lead to sudden changes in the sleeper’s 
position and alignment, as shown in Fig.  11. Fewer contact points with concentrated high forces appear to 
exacerbate this phenomenon. The USP primarily helps distribute the applied forces across a larger area of the 
sleeper surface and over a greater number of individual ballast stones, thereby reducing the maximum pressure.

Figures 16 and 17 illustrate the estimated derived forces through different sleeper zones and the maximum 
pressure recorded by each sensor at the three different stages of the experiment. Accurately measuring the total 
accumulated force requires sensors capable of precisely detecting pressures across a wide range. The figures 
presented represent an estimated percentage of the force detected by each sensor rather than the absolute total 
forces. These diagrams correspond well with the sleeper alignments shown earlier (Fig. 14) and help explain 
the bending observed in the sleeper without USP, which is caused by the unsupported area in the middle. Also, 
a slight redistribution of contact forces is observed. Regions subjected to higher initial forces tend to exhibit a 
decrease in force over time, whereas areas with lower initial forces often experience an increase. This balancing 
process aims to achieve a more uniform distribution of forces across the sleeper surface, promoting more even 
load transfer.

There is a clear difference in the force distribution between sleepers with and without USP. Sleepers equipped 
with a USP show a more uniform and predictable force distribution, with reduced sensitivity to the flatness and 
arrangement of the ballast layer beneath them. In contrast, sleepers without a USP are more strongly influenced 
by the variability and unevenness of the ballast layer. The USP has the ability to equalize these contact points due 
to its deformable elastic behavior, unlike the rigid concrete of the sleeper.

Tables 1 and 2 provide statistical insights into the pressure distribution beneath the sleeper. The data reveal 
for both sleepers that the majority of pressures are concentrated near zero, with a small standard deviation. Only 
a few pressure points are significantly higher than the rest.

The sleeper equipped with under-sleeper pads (USP) exhibits a reduction in the mean pressure values in the 
loaded state, particularly in the higher-loaded areas (A, B, C). In contrast, this reduction is not as evident for the 
sleeper without USP.

Fig. 15.  Pressure mapping for sleeper with and without USP after different number of load cycles.
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In the loaded state, the standard deviation of pressure tends to decrease over time for both sleepers with and 
without under-sleeper pads (USP). This suggests that the pressure becomes more evenly distributed across the 
sleeper surface as the number of cycles increases.

Redistribution of supporting forces
The statistical analysis of the pressure mapping data gives more precise insights into the pressure distribution 
beneath the sleeper. The data reveals for both sleepers that the majority of pressures are concentrated near zero, 
with a small standard deviation. Only a few pressure points are significantly higher than the rest.

The maximum pressure values can fluctuate in both directions, either increasing or decreasing. A potential 
explanation for the decrease in pressure is the rearrangement or breakage of ballast particles, which redistributes 
the load. On the other hand, an increase in pressure can occur due to uneven settlement, where certain ballast 
stones penetrate deeper into the sleeper, concentrating the load in specific areas.

The sleeper equipped with under sleeper pads (USP) exhibits a reduction in the mean pressure values in the 
loaded state, particularly in the higher-loaded areas (A, B, C). In contrast, this reduction is not as evident for the 
sleeper without USP.

In the loaded state, the standard deviation of pressure tends to decrease over time for both sleepers with and 
without under sleeper pads (USP). This suggests that the pressure becomes more evenly distributed across the 
sleeper surface as the number of cycles increases.

The redistribution process is more clearly observed through the use of pressure class histograms, providing 
a more precise method for analyzing changes in pressure distribution under load. Figures  18 and 19, and 
Fig. 20 present the pressure distributions for sensors A, B, and C, respectively. The vertical axis represents the 

Fig. 16.  Force distribution underneath the sleeper at low force state.
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A B C D E F

5 kN 160 kN 5 kN 160 kN 5 kN 160 kN 5 kN 160 kN 5 kN 160 kN 5 kN 160 kN

Maximum pressure (USP)

 Start 0.13 7.56 1.78 7.94 0.97 3.3 0.88 3.48 1.1 1.52 2.16 0.73

 ≈ 2 Mio 0.76 7.67 5.18 7.94 0.87 3.46 0.68 4.84 0.86 1.23 2.87 1.1

 ≈ 4 Mio 1.65 7.67 5.88 7.94 0.81 3.46 0.68 4.71 0.91 1.31 2.96 1.07

Mean pressure (USP)

 Start 0.00068 0.251 0.00815 0.230 0.02107 0.221 0.02181 0.165 0.03350 0.045 0.01340 0.007

 ≈ 2 Mio 0.00131 0.186 0.00988 0.178 0.01727 0.200 0.01985 0.154 0.03226 0.041 0.01429 0.007

 ≈ 4 Mio 0.00331 0.167 0.01304 0.178 0.01601 0.190 0.02100 0.156 0.03468 0.044 0.01471 0.007

Standard deviation of pressure (USP)

 Start 0.00810 0.482 0.06148 0.565 0.07019 0.388 0.06960 0.307 0.11368 0.153 0.09704 0.053

 ≈ 2 Mio 0.01963 0.465 0.12541 0.527 0.05812 0.331 0.06027 0.277 0.09763 0.127 0.11206 0.055

 ≈ 4 Mio 0.05181 0.442 0.14423 0.550 0.05542 0.317 0.06262 0.277 0.10344 0.133 0.11495 0.055

Table 1.  Statistical data of pressure mapping for sleeper with USP.

 

Fig. 17.  Force distribution underneath the sleeper at high force state.
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number of values within each pressure class, while the horizontal axis indicates the pressure classes, defined by 
their lower and upper bounds in MPa. The range of pressure classes was selected to cover the full spectrum of 
measured values, with class intervals chosen to be small enough to provide a detailed resolution for observing 
rearrangement effects. Due to the force application on the left side of the sleeper, only the sensors located on the 
left half were deemed significant for the analysis. The data shows a trend where higher pressure values decrease 
over time, resulting in a more uniform pressure distribution. This trend is evident in both the sleeper with under 
sleeper pads (USP) and the sleeper without USP, though it is more pronounced in the sleeper with USP. However, 
it is important to note that there are still instances where pressure may increase, as previously discussed.

Dynamic of the sleeper
Changes in oscillation amplitude and movement patterns provide valuable insights into the dynamic behavior 
of the sleeper and its interaction with operational forces. For this analysis, 10 cycles were plotted from both the 
beginning phase and the end phase of the test. The movement profile may offer critical information about the 
sleeper’s dynamic response over time.

Figure 21 shows 10 cycles for laser sensor L1 and L5 after the first 500,000 cycles for the sleeper with and 
without USP. The observed waveform of the displacement deviates from the ideal sinusoidal shape of the applied 
external force. The turning point area in the unloaded state appears sharper compared with the loaded state, 
indicating asymmetric behavior. A second observed phenomenon is that the turning point in the unloaded state 
remains relatively constant over multiple cycles for the sleeper without under sleeper pads (USP). In contrast, the 
turning point for the sleeper with USP exhibits significant fluctuations. This difference may be due to the elastic 
properties of the USP material, which allows for more variability in the sleeper’s position when it is unloaded, 
while another explanation could be control errors of the force generator.

After four million cycles, the waveforms become smoother, and the fluctuation of the turning points 
disappears, as shown in Fig. 22.

Discussion and conclusion
This study investigated the behavior of a turnout sleeper within a large-scale ballast box. Displacement sensors 
were utilized to monitor sleeper movement, while Getzner Sensor Sleeper technology was employed to map the 
pressure distribution beneath the sleeper. The results revealed significant differences in the behavior of sleepers 
with and without under sleeper pads (USP). Long-term settlement and pressure distribution varied notably 
between the two cases. Although the absolute movement of the sleeper was higher with USP due to the added 
elasticity, the use of USP resulted in significantly more uniform pressure distributions and substantially reduced 
pressure peaks.

The following list shows the key findings of this study:

•	 The sleeper’s settlement is primarily influenced by the load application point and the resulting pressure dis-
tribution, leading to greater settlement on the loaded side and significantly less on the passive side. Due to 
the asymmetric loading condition, the right side of the sleeper become insufficiently supported, causing it to 
lose contact with the ballast. The settlement behavior follows a degressive pattern, characterized by substan-
tial initial settlement followed by progressively decreasing settlement rates in the later phases. Additionally, 
the use of under sleeper pads (USP) resulted in more even settlement behavior, reducing irregularities and 
discontinuities in the settlement process.

•	 The sleeper equipped with under sleeper pads (USP) experienced less bending as a result of the improved 
bedding condition. No significant voids or large unsupported areas were observed beneath this sleeper, which 
contributed to its more uniform support. In contrast, the sleeper without USP rested on discrete bearing 
points caused by large unsupported zones underneath. These act as abutments, inducing bending when loads 
are applied.

A B C D E F

5 kN 160 kN 5 kN 160 kN 5 kN 160 kN 5 kN 160 kN 5 kN 160 kN 5 kN 160 kN

Maximum pressure (no USP)

 Start 13.96 22.49 6.95 21.86 0.0 19.31 0.25 7.79 12.9 13.14 1.58 0.0

 ≈ 2 Mio 16.19 22.49 8.28 20.37 0.0 11.98 0.33 7.68 13.14 15.33 0.0 0.0

 ≈ 4 Mio 16.19 22.98 8.96 20.0 0.0 9.64 0.4 8.24 14.23 16.19 0.0 0.0

Mean pressure (no USP)

 Start 0.05032 0.214 0.01369 0.138 0.0 0.039 0.00021 0.031 0.07539 0.088 0.00175 0.0

 ≈ 2 Mio 0.03613 0.191 0.02134 0.131 0.0 0.052 0.00028 0.039 0.07104 0.078 0.0 0.0

 ≈ 4 Mio 0.03686 0.187 0.02368 0.129 0.0 0.052 0.00034 0.035 0.07383 0.080 0.0 0.0

Standard deviation of pressure (no USP)

 Start 0.54057 1.373 0.19842 0.991 0.0 0.519 0.00738 0.320 0.74221 0.777 0.04737 0.0

 ≈ 2 Mio 0.47357 1.283 0.28657 0.957 0.0 0.491 0.00975 0.373 0.69622 0.751 0.0 0.0

 ≈ 4 Mio 0.48109 1.261 0.31130 0.937 0.0 0.481 0.01182 0.351 0.72103 0.771 0.0 0.0

Table 2.  Statistical data of pressure mapping for sleeper without USP.
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•	 The presence of under-sleeper pads (USP) resulted in a more uniform pressure distribution with notably re-
duced pressure peaks and gentler pressure gradients. Over time, the pressure distribution becomes more uni-
form for both sleepers with and without under sleeper pads (USP). However, this effect is more pronounced 
in sleepers equipped with USP, indicating a greater improvement in load distribution. The contact between 
sleeper and ballast remained stable over time, with no voids or unsupported areas developing.

•	 Sleepers with under sleeper pads (USP) show larger oscillation amplitudes due to the material’s elasticity. 
While the amplitude remains stable for sleepers without USP, it changes significantly at the beginning for 
those with USP, likely due to the plastic compression of the pad, which is made of elasto-plastic polyurethane. 
Over time, the sleeper’s movement becomes smoother, and fluctuations at the turning points during the un-
loaded state diminish, indicating a more stable and consistent response.

•	 The maximum pressure measured beneath sleepers equipped with USP was approximately 8 MPa. In contrast, 
sleepers without USP reached a maximum pressure of about 23 MPa—nearly three times higher. Only a few 
discrete contact points reached such high pressure levels. Most contact areas experienced significantly lower 
pressures, and the majority of points showed no contact at all.

During the experiment, it was noticed that the USP material displays time-dependent behavior, expanding again 
slowly after compression under loading. Therefore, the total sleeper settlement of the sleeper is a combination of 
USP deformation and ballast settlement, where only the latter is permanent. The measured vertical displacement 

Fig. 18.  Histogram of pressure distribution for sensor A at high load.
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which includes both ballast settlement and USP deformation, cannot be separated within the current test setup. 
Due to the continuous cyclic loading, the USP material did not have sufficient time to recover its original shape 
between load cycles, resulting in a combined, non-differentiated deformation response. In order to distinguish 
between a temporary change in track height due to USP compression and permanent settlement due to ballast 
settlement, further testing and modeling need to be performed.

Further, the oscillation behavior of the sleeper with USP showed that the waveform of the displacement 
becomes smoother and fluctuations of the turning points disappeared. This might be due to the elastic pad 
material being compressed to the point where it has hardened significantly, losing its original range of motion. 
As a result, the reduced range of motion leads to a decrease in oscillation amplitude and increased stiffness. 
A second possible explanation is that, after a large number of load cycles, the sleeper becomes more securely 
embedded in the ballast, with better contact. This occurs because the micro-movements induced by repeated 
loading cause the individual ballast stones to realign, resulting in a more compact and stable configuration. 
This improved alignment of the ballast particles leads to better load distribution and smoother deformation 
under subsequent cycles. The observed fluctuations may also be attributed to control inaccuracies in the force 
generation system.

Hydraulic actuators used in laboratory settings are unable to replicate the dynamic impact loading conditions 
typically observed in real-world scenarios. As a result, ballast box tests that employ hydraulic force generators 

Fig. 19.  Histogram of pressure distribution for sensor B at high load.
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can provide only a qualitative understanding of the mechanical interaction between ballast and sleeper, rather 
than fully capturing the dynamic response observed under real-world conditions.

In real-world track conditions, settlement along the track exhibits variability due to variations in the ballast 
layer. This results in the development of “hanging sleepers,” where some sleepers are suspended above the ballast 
due to uneven settlement along the track, particularly in turnout areas. These uneven settlements create gaps 
under certain sleepers, leading to irregular support conditions.

The experiment primarily yielded qualitative insights into the behavior of turnout sleepers. The quantitative 
results, however, are highly dependent on various parameters. As is known, the track bed conditions vary at each 
point, leading to differences in exact movement, settlement behavior, and pressure distributions. To obtain more 
detailed and transferable results, further investigations under real-world conditions are necessary. In addition 
to displacement measurements and long-term monitoring of sleeper and ballast conditions, the use of sensor-
integrated rail pads to monitor load transfer from the rail to the sleeper over extended periods would be a 
particularly valuable aspect for future studies. Field measurements in particular can offer more detailed and 
realistic results, potentially informing improvements in laboratory tests or parameter studies. Key factors such 
as ballast properties, sleeper design, and the characteristics of under sleeper pads (USPs) significantly influence 
settlement behavior and ballast degradation. Therefore, future research should focus on detailed investigations of 
these parameters. The resulting data can support the development and validation of numerical models, enabling 
more accurate and efficient prediction of settlement behavior in track systems.

Fig. 20.  Histogram of pressure distribution for sensor C at high load.
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Fig. 22.  Oscillation behavior at the end under cyclic forces.

 

Fig. 21.  Oscillation behavior at the start under cyclic forces.
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From an economic perspective, the use of under sleeper pads (USP) can offer significant long-term benefits 
for railway infrastructure by extending maintenance intervals, which are often complex and cost-intensive. By 
improving the contact conditions between sleeper and ballast, USPs promote a more uniform load distribution 
and reduce high local stresses. Additionally, impact forces can be mitigated through the cushioning effect and 
lower stiffness of the USP material. These effects can contribute to reduced maintenance requirements, longer 
service life of track components, and a lower risk of damage. Although the initial investment in USPs is higher 
compared to conventional track structures, the potential savings in maintenance costs and the reduction of track 
closures for repair work can outweigh the upfront expenses, particularly in high-traffic or maintenance-critical 
areas such as turnouts and transition zones. To support a more accurate and realistic cost-benefit analysis, long-
term field studies are needed, incorporating a range of USP materials and geometries. Such studies would allow 
for a comprehensive assessment of endurance improvements under real-world conditions.

Nevertheless, the study provided novel and deep insights into the load transfer mechanisms in a turnout and 
provides a good baseline for future research, track component development and maintenance strategies.

Data availability
The datasets generated and analysed during the current study are not publicly available due to project guidelines 
and proprietary restrictions but are available from the corresponding author on reasonable request.
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