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Abstract 12 

Subjected to operational uncertainties, the investment in railway infrastructure is growing to 13 

improve track resilience, to mitigate long-term consequences, prolong the track service life, and 14 

reduce unplanned maintenance costs and carbon footprint. Under sleeper pads (USPs) have been 15 

widely used in many countries as a resilient component placed underneath the concrete sleepers. 16 

However, it is well-known that, with any imperfection of either wheel or rail, railway tracks usually 17 

are subjected to impact loading conditions. Accordingly, the application of USPs to mitigate the 18 

detrimental impact load consequences on track structure is unprecedentedly highlighted in this 19 

paper. Despite the common uses of USPs in various countries in Europe, the dynamic behaviour of 20 

the USPs under high-intensity impact loading has not been fully investigated. Note that this study 21 

focuses not only on serviceability condition but also an extreme condition which can occur when 22 

there are coupled effects of short and long wavelength defects (e.g. dipped rail joint coupled with 23 

track settlement). This paper thus presents a 3D finite element model of prestressed concrete 24 

sleepers with USPs, using LS-Dyna. This study has confirmed field measurement data that the 25 

sleepers with USPs tend to have lesser flexures, contact force and impact energy. However, this 26 

study also firstly reveals that the vibration of sleeper with USPs could be amplified by the large 27 

amplitude impact force, which can be induced especially when excited by a high-speed train 28 

travelling over short-pitch rail defects, rail joints, coupled defects or crossings. It is also interesting 29 

to note that a very stiff pad with a bedding modulus of 1 N/mm3 can be alternatively used as USP 30 

as recommended by the results obtained. Based on both numerical and field measurement data, it 31 

is implied that the applications of USPs should be very carefully considered since the USPs could 32 

trade off the desired benefits by aggravating dynamic behaviour of sleepers with USPs. The new 33 

insights will help track engineers to make decision on the design and usage of USP 34 

Keywords: Under sleeper pad; resilient material; dynamic response; impact loading; prestressed 35 

concrete sleeper. 36 

1 Introduction 37 

At present, there are many types of resilient materials used in railway system such as rail pads, 38 

under ballast mats (UBM), under sleeper pads (USP) etc. in order to provide and improve track 39 

resiliency. USPs, which are commonly made of polyurethane elastomer with a foam structure 40 

including encapsulated air voids, are resilient pads installed underneath the sleepers to provide 41 



2 

 

additional track resiliency between the sleepers and ballast. It should be noted that railway sleepers 1 

are safety-critical components in railway system [1-4]. The typical ballasted railway track with 2 

USP is shown in Fig. 1. USPs are often used in ballasted tracks with concrete sleepers. USPs can 3 

also be applied in various operational environments such as conventional main lines, urban or high-4 

speed lines or light rail and metro lines. Nowadays, USPs have been developed and used widely 5 

and heavily in central Europe such as in Austria, Czech Republic and Germany. Additionally, 6 

several counties have carried out pilot trials such as in Sweden, Australia, and China. USPs can be 7 

classified by the bedding modulus (C: N/mm3) as very soft, soft, medium stiff and stiff USPs [5-8 

11]. It is noted that bedding modulus is calculated from the force or pressure per unit deflection 9 

under a uniaxial load. It should be noted that only stiff and medium stiff have been used in practice 10 

for heavy rail and light rail, respectively [12]. Different types of USPs can be used at different 11 

locations and for different purposes, as described in Table 1.  12 

 13 

Fig. 1. Typical ballasted railway track and its components with USP [12]. 14 

Table 1. USP applications and characterisations [12]. 15 

Fields of application of 

USP 

USP 

Very soft Soft Medium stiff Stiff 

Cstat ≤ 0.10 0.10 < Cstat ≤ 0.15 0.15 < Cstat ≤ 0.25 0.25 < Cstat ≤ 0.35 

Improve track quality 

(reduce ballast breakage 

and track/turnout 

pressure) 

  ✔ ✔ 

Transition zones   ✔ ✔ 

On existing structures 

with reduced ballast 

thickness 

  ✔ ✔ 

Reduction of long-pitch 

low-rail corrugation in 

tight curves 

  ✔ ✔ 

Reduction of ground-

borne vibration 
 ✔ ✔  

 16 
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The main objectives for using USPs are to moderate track stiffness, to reduce ground-borne 1 

vibrations, and to reduce ballast breakage [13-17]. USPs could reduce track stiffness in special 2 

areas such as turnout systems (switches and crossings), rail joints, or bridge transitions. The 3 

vibration of sleepers could also be isolated by the USPs so that the ballast and formation are 4 

uncoupled from the wheel/rail interaction, reducing the ground vibrations affecting surrounding 5 

areas and structures. The reduced ballast damage is accomplished by a reduction of contact pressure 6 

and thus wears, in the sleeper/ballast interface [18-20]. More uniform load distribution is achieved 7 

using USPs, resulting in the reduction of the contact pressure and the smaller variations of support 8 

stiffness along the track. It is also noted that USPs can lead to higher railway track economic values 9 

and to have substantial wider social benefits [19-25] as USPs can significantly reduce the overall 10 

maintenance cost over the long-term period. 11 

An application of USPs was initially trailed back in 1980s on open plain tracks. USPs have been 12 

applied in ballasted track as seen in many countries and there were field inspections on the 13 

performance of ballasted track with USPs under train operation [26-32]. The outcome showed little 14 

improvement at the time whilst the delamination and degradation of the USPs material were the 15 

key negative issues found in the field. In recent years, the performance of the USPs has been 16 

improved through the outcomes from the test results in central Europe and in Austria, which 17 

showed a promising quality and durability of USPs. Despite the benefits of USPs have been 18 

presented [30], contradict outcome has been reported by Trafikverkets (Swedish Transport 19 

Administration). After several years of field inspections and observations, Trafikverkets reported 20 

that there has been no or very little influence of USPs on ballast size reduction and contamination 21 

resulting in track quality [34]. This could be a reason why the utilisation of USPs is not significant 22 

globally. Moreover, The USPs have different effects on lateral track resistance. It cannot be 23 

confirmed whether positive or negative effects will occur at this stage. However, it has been seen 24 

that vertical acceleration of sleepers may increase after using USPs especially when the aggressive 25 

load is exposed [35]. Hence, it is possible that USPs can lead to excessive sleeper vibration, 26 

resulting in ballast dilation or ballast spreading. In general, a railway track often experiences impact 27 

loading, which is a shock load applied in short duration [2, 35]. The use of USPs for attenuating 28 

impact load and excessive vibration has been studied in the fields at specific locations such as 29 

dipped rails/welds, glue insulated joint etc [37-45]. However, the numerical studies into such 30 

behaviour have been limited and not fully investigated. 31 

The dynamic responses of railway concrete sleepers with USPs to high-intensity impact loading 32 

conditions are presented in this study. It should be noted that the impact load can be induced by 33 

Wheel/rail irregularities that greatly exceed the static wheel load. In this study, higher than 1000kN 34 

impact load is applied to the system in order to study the performance of USP not only under 35 

serviceability but also extreme condition. It should be noted that previous works using finite 36 

element modelling on train-track interaction have been studied considering serviceability 37 

conditions [46-47]. As for high-intensity impact loading conditions, wheel/rail contact force could 38 

be amplified up to 1000 kN when there were coupling effects of dipped rail joint and differential 39 

track settlement [48]. It was also noticeable that coupling effects created a higher impact force as 40 

the wheel momentarily lost contact longer. It was found that dynamic impact factor can be up to 7 41 

when a settlement depth of 100 mm with 3m settlement length (long wavelength defect) coupled 42 

with dipped rail joint of 10 mm in depth (short wavelength defect) [48]. A three-dimensional finite 43 

element model has been established that can simulate and predict the dynamic responses of 44 

reinforced and prestressed concrete members. A three-dimensional nonlinear finite element model 45 

of a full-scale railway prestressed concrete sleeper for static analysis was firstly developed using 46 

the general-purpose finite element analysis package, ANSYS [49-52]. The static finite element 47 

model has been validated by the static full-scale experiment. The experimental details were based 48 

on the Australian Standard [53-54]. The calibrated finite element model has been extended to 49 
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include ballast support and in situ boundary conditions [55]. The extended model was linked to LS-1 

Dyna for impact analysis. The impact analysis has been validated against the drop impact tests [52, 2 

56]. The initial velocities of drop mass corresponding to actual train load were applied to the rail. 3 

These can generate different impact events. This study will focus on the sensitivity of impact loads 4 

to the dynamic responses of prestressed concrete sleepers and ballast with USP. The dynamic 5 

responses including von Mises stress, maximum displacements and accelerations of concrete 6 

sleepers with and without USP are highlighted. Moreover, ballast contact pressure and distribution 7 

are investigated. The numerical results are then compared with field measurement data at Austimer 8 

(Illawarra Line in NSW Australia). This study will help track engineers to consider using USPs as 9 

an insertion element in railway track. 10 

2 Finite Element Modelling 11 

Firstly, the general-purpose finite element analysis package, ANSYS was used to develop and 12 

model a three-dimensional finite element model of a full-scale railway prestressed concrete sleeper 13 

for static analysis. The dimensions of Austrak broad gauge sleeper are shown in Table 2. Note that 14 

the rail gauge length is normally measured between the inner faces of the load-bearing rails. 15 

Concrete was modelled using SOLID65 solid elements where each node has three degrees of 16 

freedom (translation in x, y and z). The modulus of elasticity of concrete was estimated based on 17 

AS3600 [57] using the compressive strengths of 80 MPa (f’c). As for prestressing wire, LINK8 18 

truss element was considered to withstand the initial strain attributed to prestressing forces, by 19 

assuming a perfect bond between these elements and concrete. It should be noted that this truss 20 

element cannot resist neither bending moments nor shear forces. Since bond-slip was hardly 21 

observed under failure modes [56, 58-60], the perfect bond between pre-stressing wires and 22 

concrete was assumed. The 0.2% proof stress is 1,700 MPa and the ultimate stress is 1,930 MPa. 23 

The static and dynamic moduli of elasticity of pre-stressing wire are 190,000 MPa. Note that 24 

sleeper is fully supported by USP. Moreover, based on Australian standard [54], the use of 25 

polymeric materials as an alternative support procedure can represent the real ballast to equally 26 

distribute the pressure underneath sleeper. In this study, the ballast is reasonably represented by 6-27 

layer rubber mat which has been proven to be an alternative method to replicate ballast bed. It was 28 

clearly shown that the natural frequencies and corresponding mode shapes of track with ballast bed 29 

and 6-layer rubber mat were mutually consistent [61].     30 

For USP, the bedding modulus is normally calculated by the relationship between surface pressure 31 

(N/mm2) and deflection (mm). Note that the classification of USP depends on the thickness and 32 

elastic modulus. Thus, the elastic modulus of USP is the bedding modulus multiplied by its 33 

thickness.  In this study, the 10 mm USPs are used for all types so that the elastic modulus of each 34 

type is different depending on the bedding modulus. 35 

The properties of materials are shown in Table 3. In this model, support condition is constrained in 36 

the vertical direction at the bottom surface of ballast. The contacts between each element are 37 

modelled using *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE which is a contact 38 

algorithm establishing contact when one surface penetrates on another surface. This contact 39 

algorithm provides more accurate results when coarse mesh is defined. As the contact between 40 

concrete and prestressing wires is a perfect bond, shared node method is used to constraint this 41 

contact. It should be noted that mesh sizes between 20 and 50mm are considered for sleeper 42 

depending on the location and these sizes have been proven to be the proper sizes for analysis. 43 

Table 2. Sleeper dimension (Austrack Broad Gauge Sleeper) 44 

At rail seat (mm) At mid-span (mm) 
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Gauge 

length 

Total 

length 

Top width Bottom width depth Top width Bottom width Depth 

160 2.695 224 250 210   224 250 180 

 1 

Table 3. Material properties. 2 

Parameter Characteristic 

value 

Unit 

Rail (UIC60) 

Modulus, Er 2 x 105 MPa 

Poisson’s ratio, vr 0.25 - 

Density, dr 7850 kg/m3 

Concrete sleeper 

Modulus, Es 3.8 x 104 MPa 

Poisson’s ratio, vr 0.2 - 

Density, dr 2400 kg/m3 

HDPE rail pad 

Modulus, Er 1250 MPa 

Poisson’s ratio, vr 0.42 - 

Density, dr 8960 kg/m3 

Under sleeper pad 

Thickness 10 mm 

Poisson’s ratio, vr 0.45 - 

Density, dr 1100 kg/m3 

Bedding 

modulus, 

C 

Soft 0.15 

N/mm3 
Medium stiff 0.25 

Stiff 0.35 

Very stiff 1.00 

Rubber mat 

Thickness 60 mm 

Modulus, Es 250 MPa 

Poisson’s ratio, vr 0.45 - 

Density, dr 1100 kg/m3 

 3 

 4 

 5 
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 1 

Fig. 2. Finite element model of sleeper with USP. 2 

The extended finite element model was calibrated using vibration data [51, 57]. The updated finite 3 

element model was then transferred to LS-Dyna [58, 59], as shown in Fig. 2. In this study, the 4 

simulation results are achieved by assigning the initial velocity to the drop mass to generate an 5 

impact event, similarly to the actual drop tests [52, 56]. Note that the falling velocity is applied to 6 

the drop mass instead of applying the gravity acceleration as this is more convenient than changing 7 

the weight of drop mass to vary the impact forces. The in-situ conditions of railway concrete sleeper 8 

are replicated. It should be noted that, for the verification purpose, the drop height used is 0.1 m. 9 

Comparison between numerical and experimental results is shown in Fig. 3. It is seen that the finite 10 

element model is fairly sufficient for use in predicting impact responses of the prestressed concrete 11 

sleepers. Moreover, the sleeper models have been validated earlier using experimental modal 12 

analysis, which is a non-destructive technique to obtain the fundamental mode shapes and 13 

corresponding frequencies via frequency response function [62]. The free-free condition is used as 14 

boundary condition in both numerical and experimental. The experimental modal analysis using 15 

impact hammer excitation technique is used to identify mode shapes and corresponding frequencies 16 

over the frequency range between 0 and 1600 Hz. The modal parameters are identified by the 17 

Frequency Response Function (FRF) curve which is the acceleration response of the sleeper with 18 

respect to the force excitation by impact hammer. The signals are processed using DATS modal 19 

analysis software. The results show the excellent agreement with the eigenvalue analysis using 20 

finite element analysis with less than 5% difference, as seen in Table 4. The trends of peak 21 

acceleration responses are quite close to each other, although there is a certain phase difference. 22 

Thus, this study considers 3 cases of falling velocities: 0.74 m/s, 1.94 m/s and 3.14 m/s.  23 

 24 

 25 
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a) 

 

b) 

Fig. 3. Comparison between numerical and experimental results: a) contact shock load b) 1 

acceleration of sleeper at rail seat (top) and mid-span (bottom).  2 

 3 

Table 4. Mode shapes and natural frequencies (dynamic strength, f’
c,d= 90 MPa) 4 

Mode 

no. 
Mode shapes 

Natural frequencies (Hz) 
Difference (%) 

Experiment Numerical 

1 

 

(1st bending) 

112.64 107.29 4.75 

2 

 

(2nd bending) 

312.50 299.46 4.17 

Numerical – tuned 
concrete strength 
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3 

 

(1st twisting) 

436.60 427.45 2.09 

4 

 

(3rd bending) 

605.51 581.52 3.74 

 1 

3 Results and discussions 2 

3.1 Impact loads 3 

As mentioned, 3 types of USPs: soft, medium stiff, and stiff, are considered. It has been 4 

recommended that medium stiff and stiff USPs are useful for prolonging the service life of railway 5 

track as seen in many countries. Moreover, a very stiff pad, which has never been used for USP, is 6 

taken into account in order to study the possibility to use a very stiff pad for USP. It is noted that 7 

the very stiff USP has a bedding modulus of 1 N/mm3. In this analysis, the initial velocities of 0.74 8 

m/s (A), 1.94 m/s (B), and 3.14 m/s (C) of drop mass are applied. Time histories of impact forces 9 

are presented in Fig. 4. It is clearly seen that impact forces reduce significantly by about 10% when 10 

using USP. It is interesting that pulse duration increases when USP is used because the support is 11 

softer. Thus, the support plays a role in impact response since the impact magnitude decreases as 12 

well as track stiffness, whilst, pulse duration is inversely proportional to the stiffness [63]. It should 13 

be noted that the pulse durations are in the range of 3-4 ms. The impulse, which is the integral of 14 

force over time, is then calculated. The impulse represents the average impact force during the 15 

collision. The different initial velocities of drop mass generate different impact forces. The impact 16 

forces and impulses of applied forces to sleepers with and without USP are presented in Table 5.  17 

It should be noted that even pulse durations increase when using USP, the impulse significantly 18 

decreases since the area of higher impact force decreases as clearly seen in Fig. 4. It is concluded 19 

that impact event of sleeper with stiffer support can stop more quickly than a sleeper with softer 20 

support. It is also important to note that, for impact events, strain rate plays a significant role since 21 

the strength of material can be increased dramatically resulting in no crack observed in sleeper 22 

under single impact event. Strain rate can significantly increase the dynamic strength of sleeper by 23 

about 20% higher than static strength [64-65]. It was observed under experiment that crack can be 24 

visually seen after applying multiple high-intensity impact loads and thus the linear elastic 25 
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properties of sleeper are acceptable for single impact load in this study as the sleeper is still in 1 

elastic stage [66].  2 

 3 

 4 

a) 5 

 6 

b) 7 
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 1 

c) 2 

Fig. 4. Impact loads of with initial velocities of drop mass of a) 0.74 m/s (A) b) 1.94 m/s (B) c) 3 

3.14 m/s (C).  4 

Table 5. Contact force and impulse.  5 

Case 

Initial 

velocity 

(m/s) 

Contact force (kN) 
Reduction 

(%) 

Impulse  (kNs) 
Reduction 

(%) Without 

USP 

With 

USP 

Without 

USP 

With 

USP 

A 0.74 288 249 11.43 647 552 14.68 

B 1.94 843 772 8.41 1766 1415 19.88 

C 3.14 1380 1252 9.31 2888 2291 20.67 

 6 

3.2 Sleeper responses 7 

Fig. 5 shows the comparison of von Mises stress contour between sleepers without and with USP 8 

under gravity without load.  It is seen that the dynamic stress concentration on the soffit of concrete 9 

sleeper is less than that with USP especially at rail seat.  10 
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a) b) 

Fig. 5. Von Mises stress contour of sleeper a) without USP b) with USP. 1 

 2 

However, the maximum von Mises stress occurs at both top and soffit of sleeper at rail seat when 3 

applying the load. Although it is clearly seen in Fig. 5 that the von Mises stress at soffit are 4 

significantly redistributed and reduced. Nonetheless, the von Mises stress slightly increases 5 

especially on top of sleeper using USP when applying the load. It is noted that the point measured, 6 

which is the maximum stress occurred, is located on top of sleeper. It is found that stiff USP 7 

redistributes the loading area along the sleepers and slightly increases the maximum and overall 8 

von Mises stress response, as seen in Fig. 6. Moreover, USPs slightly expand the stress contour 9 

and extend the impact duration.  10 

The effects of bedding modulus of USP on the maximum von Mises stress of the concrete sleepers 11 

subjected to impact loads at the top of sleeper are presented in Fig. 7. The bedding moduli of USP 12 

are generally varied from less than 0.10 N/mm3 (very soft) to 0.35 N/mm3 (stiff), depending on the 13 

type of usage. In this analysis, the bedding moduli of 0.15 N/mm3, 0.25 N/mm3, 0.35 N/mm3, and 14 

1 N/mm3 are considered. Even though it is noticeable that the use of USP can obviously decrease 15 

the contact force and impulse, von Mises stresses of sleeper at both rail seat and mid-span slightly 16 

increase when using USP. It should be noted that at the von Mises stress can be increased from 17 

about 33 MPa to 38 MPa which is about 14%. However, each type of USP does not clearly reflect 18 

significant different in von Mises stress responses in both locations. Nevertheless, a very stiff USP 19 

(1 N/mm3) presents a better overall performance on von Mises stress than other USPs. 20 

 21 

  

 

 
 

A 

  
B 
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C 

  
D 

  
E 

a) Sleeper without USP b) Sleeper with stiff USP 

Fig. 6. Stress contour of sleeper with USP under impact load case A at different time a) Sleeper 1 

without USP b) Sleeper with stiff USP.          2 

 

  

a) 
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b) 

Fig. 7. Maximum von Mises stress at a) rail seat b) mid span.  1 

Fig. 8 shows the sleeper displacement. Although it is noticeable that the use of USP can obviously 2 

decrease the contact force and impulse, displacements of sleeper at both rail seat and mid-span can 3 

be notably increased as well as von Mises stress when using USP. USPs are likely to have negative 4 

effects on sleeper displacement at both rail seat and mid span. This is because the use of USP 5 

affects the overall track characteristics by reducing track stiffness and making track softer. Even 6 

though USP types do not show the significant change in von Mises stress response, it is noticeable 7 

that sleeper with stiff USP has lower displacement rather than that with soft USP. It is also 8 

interesting to note that sleeper with USP tend to have worse performance when the higher impact 9 

load is applied. As for soft USP, about 4.5-7.5 times higher in sleeper displacement when using 10 

USP is observed while about 3-4 times is noted when stiff USP is used. It is also noted that higher 11 

impact loads lead to higher sleeper displacement ratio. This concludes that USP has worse 12 

performance when higher intensity impact load is applied. However, as for very stiff USP, about 13 

2% displacement enlargement is observed in all load cases. Thus, even though, displacement of 14 

sleeper can be increased when USP is used, stiffer USP has better performance in sleeper 15 

displacement. It can be also concluded related to pulse duration that shorter impact events may 16 

have less severe responses than longer impact events even the maximum impact force is higher.  17 

 18 
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Fig. 8. Sleeper maximum displacement ratio at rail seat 1 

The acceleration vibrations are also presented in term of insertion loss. Fig. 9 demonstrates the 2 

insertion loss over one-third octave frequency band in concrete sleepers due to USP. Insertion loss 3 

is calculated by the logarithm of acceleration ratio of sleeper without USP with respect to that with 4 

USP in term of decibel (dB) (insertion loss = 10log⁡(𝐴𝑤/𝑜𝑈𝑆𝑃 𝐴𝑤/𝑈𝑆𝑃⁄ )). It is clearly seen that USP 5 

can increase vibrations of concrete sleepers at certain frequency ranges. Thus, USPs tend to have 6 

large effect on acceleration amplitude vibrations of sleepers, especially when excited by a high-7 

frequency impact force. This is because there is a reduction of concrete sleeper stiffness due to the 8 

adoption of USP.  9 

 

a) 

 

b) 
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c) 

Fig 9. Insertion loss due to USP under load cases a) A b) B c) C 1 

3.3 Ballast responses 2 

In order to reduce the sleeper-ballast contact pressure, many techniques, such as USP, frame and 3 

half frame sleepers, have been developed and adopted to the field. Based on previous studies, USP 4 

can increase the contact area between sleeper and ballast, resulting in ballast pressure reduction. 5 

However, numerical evidence has not been fully presented especially when railway tracks are 6 

subjected to high impact loads. Sleeper-ballast contact forces under the impulse generated by a 7 

drop mass are presented in Fig. 10. It is clearly seen that USPs can effectively reduce the contact 8 

force between sleeper and ballast in all cases. It is interesting that sleeper-ballast contact force can 9 

be reduced by about 70-95% by using normal USP (Fig. 11). It should be noted that the softer pad 10 

has a slight positive effect on reducing contact pressure compared to the stiffer pad. Moreover, very 11 

stiff pad can reduce sleeper-ballast contact force by about 60-70%. It is noted that very stiff can be 12 

possibly used as USP since it has a positive effect on ballast responses while reducing sleeper 13 

vibration compared to other USPs. However, this study considers the continuum support instead of 14 

discrete element modelling in order to purely understand the effect of USP and its bedding modulus 15 

on sleeper-ballast interaction. Thus, this model is acceptable, and all cases are consistent. 16 

 17 
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 1 

a) 2 

 3 

b)  4 

 5 

c) 6 

Fig. 10. Sleeper-ballast contact force a) case A b) case B c) case C. 7 
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 1 

Fig. 11. Sleeper-ballast contact force reduction. 2 

Fig. 12 illustrates the distribution of contact pressure on ballast under impact load. It should be 3 

noted that ballast is modelled as a continuum model which is a packed assembly of particles and 4 

continuous mass in order to reduce the computational time. Hence, this study assumes that the 5 

sleeper surface is fully contacted to ballast. It is clearly seen that USP can significantly reduce the 6 

contact pressure, especially at rail seat, although, the contact pressure is distributed over the larger 7 

area and prolong the impact event. This illustrates that USP can redistribute the impact load actions 8 

better along the contact between concrete sleeper and ballast. In addition, it is interesting to note 9 

that, at rail seat, soft USP has more benefit in sleeper-ballast contact stress reduction rather than 10 

other USPs as clearly seen in Fig. 12. As for very stiff pad, even though the stress occurred after 4 11 

ms of impact event is changeless from sleeper without USP, the overall ballast stress can be 12 

significantly reduced especially the first half of impact event. However, this phenomenon cannot 13 

be observed in sleeper as all types of USP lead to similar phenomena and significantly gain 14 

vibration and displacement of sleeper. 15 

 16 

No USP 

  

Soft USP 

  

Medium 

stiff USP 
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Stiff USP 

  

1 N/mm3 

  

 A B 

 

Sleeper-ballast contact force 

 

Von Mises stress at rail seat 

Fig. 12. Contact pressure distribution on ballast under impact load. 1 
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3.4 Field measurement data 1 

The vibration measurements of sleepers with USPs have been carried out in the field at Austimer 2 

(Illawarra Line in NSW Australia) [67]. The trial ballasted track inspected consists of UIC60 rail, 3 

heavy-duty concrete sleeper (e-Clip) and HDPE rail pads. The 10 mm stiff USPs were installed 4 

underneath sleepers at ordinary track and glued insulated joints (GIJs), as shown in Fig. 13, in order 5 

to examine the dynamic performance of the USPs and confirm the numerical results. The vibrations 6 

of freight and passenger trains with speed between 40 and 100 km/h, respectively, running pass by 7 

were measured. The data obtained from this case was then compared to the sleeper data without 8 

USPs on ordinary railway track (ORD). Apart from ordinary track, the accelerometers were 9 

installed at the rails (at GIJ and rail web) and sleepers (DR: down rail seat, MID: mid span and UP: 10 

up rail seat) of railway tracks with and without USPs. The schematic location of the sensors can be 11 

seen in Fig 14. In this study, three cases are presented previously and about 130-200 kN-impact 12 

loads corresponding to the travelling speed of 40-100 km/h of freight and passenger trains over GIJ 13 

from field measurement are correlated to the finite element modelling under load case A. It should 14 

be noted that, for load cases B and C in the numerical study, the events of those cases are difficult 15 

to visually observe in the field as those cases are the coupled effects of short wavelength and long 16 

wavelength effects. Thus, only the percentage ratio, which is the relative value can be represented. 17 

Rail seat data is used to compare with numerical results as the finite element modelling at mid span 18 

cannot provide a realistic track behaviour due to the unbalanced loads and the modelling is based 19 

on the experimental condition. The six types of train and speed (Freight train: 40 km/h, 65 km/h; 20 

Passenger shuttle: 75 km/h, 80 km/h, 90 km/h; Passenger intercity: 100km/h) travelling over 21 

railway track with USPs are taken into account. The comparison between numerical results and 22 

field measurement data is presented in Figs 15-16. It can be seen that there is a correlation between 23 

both within the acceptable value. Based on field measurement data, it is seen that the vibration of 24 

tracks with USPs is possibly higher than those without USPs. The results represent the percentage 25 

ratio of the particular response with USP over its counterpart without USP. It is also seen that the 26 

average percentage ratio from field measurement is quite close to numerical results. Note that the 27 

percentage ratio is used because the impact events in any cases are different so that they cannot be 28 

compared by absolute value. The example of vibration signals of railway tracks at GIJ and ordinary 29 

track are shown in Figs. 15-16. 30 

 31 

 32 

Fig. 13. Sleepers with USPs at glued insulated joints (GIJs) [67]. 33 
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 1 

Fig. 14. Schematic location of the sensors in the field. 2 

 3 

 4 

Fig. 15. Percentage ratio of rail vibrations of tracks with and without USPs. 5 
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 1 

Fig. 16. Percentage ratio of sleeper vibrations of tracks with and without USPs. 2 

 3 
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 1 

Fig. 17. Rail and sleeper with USPs vibrations at GIJ [67]. 2 
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 1 

Fig. 18. Rail and sleeper vibrations at ordinary plain track [67]. 2 

 3 

Fig. 19. An example FFT vibrations of sleepers.  4 

 5 

From Figs. 17-18, it is clearly seen that railway track with USPs tends to induce higher vibrations 6 

than those without USPs at both rail and sleeper. This is also evidenced by the vibration of sleepers 7 

in the frequency domain (Fig. 19). However, the vibration of rail on USP sleeper is high, as seen 8 

in Fig. 17, because rail surface defect was observed during the visual inspections. It should be noted 9 
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that this was a result of wheel slip or wheel burn after construction while the condition of GIJ was 1 

still good. Note that sleeper vibrations are highly influenced by train speed over a broad range of 2 

frequency band while the axle loads affect the vibration amplitude of sleepers at low frequency 3 

band. In terms of ballast condition (Fig. 20), ballast breakage and pulverisation surrounding 4 

sleepers with USP were not observed by visual inspection. Also, there was no pocket and void of 5 

ballast under the sleeper with USPs. These positive inspections are related to the numerical results 6 

that previously show that the use of USPs can help reduce the ballast contact pressure. Hence, the 7 

reduced ballast damage can be accomplished by a reduction of contact pressure, and thus wears, in 8 

the sleeper-ballast interface. The field measurement data can confirm the correctness of numerical 9 

results that the utilisation of USPs should be very carefully considered since this can either have 10 

positive or negative effects on railway track under impact loading condition. 11 

 12 

Fig. 20. Ballast condition [67]. 13 

4 Conclusions 14 

The emphasis of this study is placed on the effects of USPs on the dynamic responses of railway 15 

concrete sleeper subjected to high-intensity impact loading. Finite element models of sleeper with 16 

USP have been conducted and analyzed using LS-DYNA. Three main types of USP: soft, medium 17 

stiff, and stiff, are considered in this study. The feasibility of using very stiff pad with bedding 18 

modulus of 1 N/mm3, is also studied in order to be an alternative for USP application. The initial 19 

velocities of drop mass are applied to the rail as an impact load. The models have been validated 20 

against the experimental results. The velocities applied to the mass corresponds to the drop mass 21 

of 600kg with the variations of height. This study is the first to consider the influences of extreme 22 

impact condition on railway track, where the coupling effects are taken into account, on sleeper 23 

vibrations with and without USP. It is noted that the impact load of about 1000kN which has never 24 

been considered in the open literature, is applied to the model. The results show that the USPs can 25 

change the overall track stiffness, then significantly reduce wheel-rail contact forces by about 10%. 26 

This is because the pulse duration may increase when using USPs which can increase the impulse 27 

although the contact forces reduce. Although the studies have found that the sleepers with USPs 28 

tend to have lesser flexures, contact forces, this numerical study, and the field measurement data 29 
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also confirm that a sleeper with USPs could experience a larger displacement and acceleration 1 

amplitude vibrations, especially when excited by a high-frequency impact force. However, the 2 

benefit of using USP is observed since it can significantly reduce the pressure on ballast resulting 3 

in minimal ballast breakage and pulverisation. Interestingly, softer USP provides better results as 4 

this can effectively reduce ballast pressure responses compared to stiffer one, although, the USP 5 

may have negative effects on sleeper responses under impact loads. This study also introduces the 6 

very stiff pad with 1N/mm3 bedding modulus, which has never been used, as an alternative. 7 

Besides, it is interesting to note that very stiff pad with 1N/mm3 bedding modulus can be effectively 8 

used in extreme conditions as USP since this pad has less negative effects on sleeper vibration 9 

rather than other USPs while it can slightly reduce the impact force distributed to ballast. The new 10 

insight from this study will help track engineers to make a better decision on the design and usage 11 

of USPs in any railway network especially at the prone area to high-intensity impact load. 12 
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