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Abstract Given the rapidly evolving national policies of many countries which actively 
promote the socio-economic and environmental perspectives of circular economy, the 
Transport Research Centre at the University of Technology Sydney has launched 
innovative measures of adopting off-the-road rubber tyres, recycled rubber derivatives 
and granular by-products from mining and steel industry in novel track design. This 
paper presents some salient features evolving through mathematical formulations and 
numerical modelling of ballasted tracks incorporating recycled wastes, with special 
reference to: (i) a coupled rheological and continuum mechanics approach to predict a 
more accurate track dynamic response to evaluate the most suitable speeds and axle 
loads for specific substructure conditions with rubber inclusions, (ii) hybrid Discrete-
Finite Element Method (DEM-FEM) simulations to micro-mechanically characterize 
ballast behavior with and with-out recycled rubber mats with a particular focus on 
ballast breakage. These computational modelling processes were calibrated and 
validated through comprehensive laboratory and field tests. The research outcomes 
provide a deeper understanding of the geotechnical effectiveness and performance 
enhancement of novel ballast tracks that incorporate blended waste materials. 
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1   Introduction 

With increasing demand and greater expectations for improved efficiency of railway 
operations with faster and heavier trains, more innovative design and construction 
methods for ballasted tracks are required to minimise track degradation and reduce 
maintenance costs. More importantly, since the net zero emission policy has been 
embraced in many countries, perspectives of sustainability and the circular economy 
have been the main themes of many geotechnical projects. Australia aims to complete 
the transition to net zero greenhouse emissions by 2050. To fulfil this target, one of the 
main solutions is to substantially reduce emissions from the source by implementing 
waste materials in transport infrastructure projects.  
    Recycled or marginal granular materials (e.g. recycled glass, waste rubber, 
construction and demolition materials, and mining by-products) have already been 
investigated or adopted by civil engineering. For instance, medium and fine recycled 
glass was found to have similar geotechnical properties as natural aggregates of sand, 
and could be used as road and other construction materials (Disfani et al., 2011, 
Mohajerani et al., 2017). The shear strength of the construction and demolition waste 
was investigated by Arulrajah et al. (2014), who found it to be suitable for pavement 
base and subbase applications. By-products from mining and manufacturing industry 
(e.g. steel furnace slag, coal wash, fly ash and bottom ash) have been adopted in various 
geotechnical applications, for instance as road base/subbase. Mixtures of coal wash and 
steel furnace slag were compacted in Port Kembla reclamation (Chiaro et al., 2015); a 
synthetic energy absorbing layer (SEAL) was developed by the 1st Author and his co-
workers by mixing rubber crumbs, coal wash, and steel furnace slag in various 
proportions for railway sub-ballast/capping layers (Indraratna et al., 2018, Tawk et al., 
2021, Hunt et al., 2022, Malisetty et al., 2022).  
    Among these novel sustainable applications, the use of recycled rubber from waste 
tyres or conveyor belts has become increasingly popular for railways. This is because 
the high energy absorbing and damping properties of rubber help to reduce the damage 
from the moving train loads to the track substructures. There are numerous applications 
of recycled rubber used in rail tracks. For instance,  (i) recycled tyres after removing 
one side wall could be infilled with other recycled aggregated to be used as a capping 
layer to control lateral displacement and increase the load-bearing capacity of track 
(Indraratna et al., 2022); (ii) large rubber granulates (9.5-16mm) were mixed with ballast 
particles to serve as the bottom ballast layer, which was found to efficiently mitigate 
ballast breakage and settlement under dynamic train loads simulated via larger-scale 
triaxial testing and trialed in the field (Sol-Sánchez et al., 2015, Arachchige et al., 2023, 
Indraratna et al., 2024); (iii) rubber geogrids made from recycled conveyor belts using 
water jet cutting technology was installed at the interface of ballast and sub-ballast to 
increase the particle interlocking, reduce lateral movement, as well as mitigate ballast 
degradation (Hettiyahandi et al., 2024, Qi et al., 2024); and (iv) rubber mats including 
under ballast mats or under sleeper pads were found beneficial to reduce the impact 
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loading and ballast breakage (Sol-Sánchez et al., 2014, Indraratna et al., 2020b, 
Indraratna et al., 2021).  
    Although comprehensive laboratory and field tests indicate the promising 
performance of the railway incorporating these novel rubber inclusions, there are very 
limited predictive models for rubber inclusions from a mathematical or fundamental 
perspective. In view of the above, this paper provides two computational methods to 
simulate the behaviour of these energy-absorbing rubber materials under dynamic and 
impact loading. Firstly, a coupled rheological-continuum model is proposed to 
investigate the dynamic responses (critical speed, stress distribution and deflection) of 
the track with the presence of a synthetic energy absorbing layer (SEAL; a mixture of 
rubber crumbs with steel furnace slag and coal wash). Secondly, a coupled discrete-
finite element model (DEM-FEM) will be developed to investigate the mechanism of 
using rubber mats to mitigate ballast degradation under impact loading.   

2   Analytical Modelling of Railway Track 

In this section, a coupled rheological-continuum model is presented to understand the 
dynamic response of the track under different subgrade and operational conditions. 
Though several methods are available to estimate the track dynamic responses, 
analytical models are often user-friendly and simple, yet effective in capturing the 
influence of moving trains on the stress distribution and degradation response of track 
substructure. As shown in Fig. 1, the analytical model presented in this paper combines 
the track superstructure (i.e., rail, rail pads and sleepers) using rheological elements with 
the track substructure (i.e., ballast, capping, and subgrade) modelled as a continuum 
layered half-space. A continuum half-space allows the model to capture the dispersion 
of Rayleigh waves, thereby simulating the influence of R-wave propagation on the 
dynamic stresses and displacements in the track layers as can be seen in Fig. 1. 

 
Fig. 1 Schematic of the railway track superstructure and substructure used for the analytical model  



4  

The equations of motion for track superstructure system subjected to a moving axle load 
𝑃𝑃 travelling at a speed 𝑉𝑉 can be represented using the following equations: 
 
𝐸𝐸𝑟𝑟𝐼𝐼𝑟𝑟

𝜕𝜕4𝑢𝑢𝑟𝑟
𝜕𝜕𝑥𝑥4

+ 𝑀𝑀𝑟𝑟
𝜕𝜕2𝑢𝑢𝑟𝑟
𝜕𝜕𝑡𝑡2

+ 𝐶𝐶𝑝𝑝
𝜕𝜕𝑢𝑢𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝐾𝐾𝑝𝑝(𝑢𝑢𝑟𝑟 − 𝑢𝑢𝑠𝑠) = 𝑃𝑃(𝑡𝑡,𝑉𝑉)     (1) 

𝐾𝐾𝑝𝑝(𝑢𝑢𝑠𝑠 − 𝑢𝑢𝑟𝑟) −𝑀𝑀𝑠𝑠
𝜕𝜕2𝑢𝑢𝑟𝑟
𝜕𝜕𝑡𝑡2

+ 𝐾𝐾𝑒𝑒𝑒𝑒𝑢𝑢𝑠𝑠 = 0       (2) 

where, 𝐸𝐸𝑟𝑟 , 𝐼𝐼𝑟𝑟  represent the Youngs modulus of rail, 𝑢𝑢 and 𝑡𝑡 denote displacement and 
time, 𝐾𝐾,𝐶𝐶 and 𝑀𝑀  represents stiffness, damping and mass, respectively, while the 
subscripts 𝑟𝑟,𝑝𝑝 and  𝑠𝑠 indicate rail, rail pads, and sleeper, respectively. 𝐾𝐾𝑒𝑒𝑒𝑒  is the 
equivalent stiffness contributed by the substructure system, which according to Mezher 
et al. (2016)  can be ignored for a more simple numerical analysis without compromising 
the outcomes. 
    The dynamic load from the superstructure system is transferred to the substructure 
system which propagates along the surface in the form of Rayleigh waves. Due to the 
nonhomogeneous nature of the substructure system with distinct layers such as ballast, 
capping and subgrade, the R-waves are generated at different frequencies causing 
dispersion of waves. Following the methodology proposed by Suiker et al., (1999), the 
Cauchy stresses in the vertical, longitudinal and shear directions and transient 
displacements caused by the propagation of R-waves in the 𝑗𝑗𝑡𝑡ℎ  track layer can be given 
by the following equations, with their detailed derivations available in Malisetty and 
Indraratna (2024): 
 
𝜎𝜎𝑧𝑧𝑧𝑧
𝑗𝑗 = 𝑒𝑒𝑖𝑖(𝜔𝜔𝜔𝜔−𝑘𝑘𝑘𝑘) �𝑏𝑏1𝑗𝑗𝐴𝐴𝑝𝑝1

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝1
𝑗𝑗 𝑍𝑍 + 𝑏𝑏2𝑗𝑗𝐴𝐴𝑠𝑠1

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠1
𝑗𝑗 𝑍𝑍 + 𝑏𝑏1𝑗𝑗𝐴𝐴𝑝𝑝2

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝2
𝑗𝑗 𝑍𝑍 − 𝑏𝑏2𝑗𝑗𝐴𝐴𝑠𝑠2𝑖𝑖

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠2
𝑗𝑗 𝑍𝑍�      (3) 

𝜎𝜎𝑥𝑥𝑥𝑥
𝑗𝑗 = 𝑒𝑒𝑖𝑖(𝜔𝜔𝜔𝜔−𝑘𝑘𝑘𝑘) �𝑏𝑏3𝑗𝑗𝐴𝐴𝑝𝑝1

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝1
𝑗𝑗 𝑍𝑍 − 𝑏𝑏2𝑗𝑗𝐴𝐴𝑠𝑠1

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠1
𝑗𝑗 𝑍𝑍 + 𝑏𝑏3𝑗𝑗𝐴𝐴 𝑝𝑝2

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝2
𝑗𝑗 𝑍𝑍 + 𝑏𝑏2𝑗𝑗𝐴𝐴𝑠𝑠2

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠2
𝑗𝑗 𝑍𝑍�      (4) 

𝜎𝜎𝑧𝑧𝑧𝑧
𝑗𝑗 = 𝑒𝑒𝑖𝑖(𝜔𝜔𝜔𝜔−𝑘𝑘𝑘𝑘) �𝑏𝑏4𝑗𝑗𝐴𝐴𝑝𝑝1

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝1
𝑗𝑗 𝑍𝑍 + 𝑏𝑏5𝑗𝑗𝐴𝐴𝑠𝑠1

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠1
𝑗𝑗 𝑍𝑍 − 𝑏𝑏4𝑗𝑗𝐴𝐴𝑝𝑝2

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝2
𝑗𝑗 𝑍𝑍 + 𝑏𝑏5𝑗𝑗𝐴𝐴𝑠𝑠2

𝑗𝑗 𝑒𝑒−𝑖𝑖𝜉𝜉𝑠𝑠2
𝑗𝑗 𝑍𝑍�      (5) 

𝑢𝑢𝑥𝑥
𝑗𝑗 = −𝑖𝑖𝑒𝑒𝑖𝑖(𝜔𝜔𝜔𝜔−𝑘𝑘𝑘𝑘) �𝑘𝑘𝐴𝐴𝑝𝑝1

𝑗𝑗 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝1
1 𝑍𝑍 + 𝑘𝑘𝐴𝐴𝑝𝑝21 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝2

1 𝑍𝑍 + 𝜉𝜉𝑠𝑠11 𝐴𝐴𝑠𝑠11 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠1
1 𝑍𝑍 − 𝜉𝜉𝑠𝑠21 𝐴𝐴𝑠𝑠21 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠2

1 𝑍𝑍�          (6)  

𝑢𝑢𝑧𝑧
𝑗𝑗 = 𝑖𝑖𝑖𝑖𝑖𝑖(𝜔𝜔𝜔𝜔−𝑘𝑘𝑘𝑘) �𝜉𝜉𝑝𝑝11 𝐴𝐴𝑝𝑝11 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝1

1 𝑍𝑍 − 𝜉𝜉𝑝𝑝21 𝐴𝐴𝑝𝑝21 𝑒𝑒𝑖𝑖𝜉𝜉𝑝𝑝2
1 𝑍𝑍 − 𝑘𝑘𝐴𝐴𝑠𝑠11 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠1

1 𝑍𝑍 − 𝑘𝑘𝐴𝐴𝑠𝑠21 𝑒𝑒𝑖𝑖𝜉𝜉𝑠𝑠2
1 𝑍𝑍�             (7)  

 
In Eqs. (3)-(7), 𝑧𝑧 represents the depth of the measurement from the surface of the ballast 
layer, 𝐴𝐴𝑝𝑝  and 𝐴𝐴𝑠𝑠  are the amplitude of compression (P-) and Shear (S-) waves, 
respectively. 𝑏𝑏1𝑗𝑗  to 𝑏𝑏5𝑗𝑗 are the coefficients represented as a function of elastic modulus 
and Poisson’s ratio of ballast and subgrade layers. 𝜔𝜔 and 𝑘𝑘 are the angular frequency 
and wave number of the R-waves, respectively, and 𝜉𝜉𝑝𝑝 ,𝑠𝑠,1,2

j  represent the depth 
attenuation factor for P and SV waves given as: 

𝜉𝜉𝑝𝑝,𝑠𝑠,1,2
𝑗𝑗 = = ±�

𝜔𝜔2

𝐶𝐶𝑝𝑝,𝑠𝑠
𝑗𝑗 2 − 𝑘𝑘2                                      (8) 
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where, 𝐶𝐶𝑝𝑝
𝑗𝑗 and 𝐶𝐶𝑠𝑠

𝑗𝑗 are the P- and SV-wave velocities in the 𝑗𝑗𝑡𝑡ℎ layer, respectively. 
To solve for the unknown amplitude parameters, compatibility conditions at the 
boundaries of each layer are considered. At the surface of the ballast layer, the vertical 
stress is equal to the dynamic stress transmitted from the sleeper �𝑃𝑃𝑡𝑡𝑡𝑡

𝐴𝐴𝑠𝑠𝑠𝑠
�, while the shear 

stresses are equal to zero. At all other layer interfaces, the stress and displacement 
compatibility conditions are followed.  
    For applying the abovementioned conditions to a 3-layered substructure consisting of 
ballast, capping and subgrade (half space), the stress and displacement equations can be 
transformed into 𝑀𝑀𝑀𝑀 = 𝑞𝑞. 𝐴𝐴 is the amplitude vector and M is a 10x10 matrix consisting 
of coefficients which are functions of 𝜔𝜔, 𝑘𝑘, elastic properties of substructure layers and 
the thickness of each layer. The numerical solution can be determined by taking the 
product of the inverse of M and 𝑞𝑞 . Equating the determinant of 𝑀𝑀  to 0 gives the 
dispersion curves for the track substructure which is representative of the maximum 
amplitudes of the R-wave. 

2.1 Model performance 

The model was used to predict dispersion curves, transient displacements and vertical 
stresses and compared with field data acquired from different studies. For analysis, 60kg 
rail based on UIC standard (international union of railways) had 𝐸𝐸𝑟𝑟𝐼𝐼𝑟𝑟  = 63x105 Pa.m4, 
𝐾𝐾𝑝𝑝 and 𝐶𝐶𝑝𝑝 were 5x108 N/m and 2.5x105 N.s/m, respectively, while 𝑀𝑀𝑠𝑠 and 𝐾𝐾𝑠𝑠 were 490 
kg and 60x106 N/m, respectively. For the dispersion curves and vertical stress response, 
a non-destructive site investigation previously conducted by the authors at a field site in 
Chullora (western suburb of Sydney) was adopted (Malisetty and Indraratna, 2024). Fig. 
2a shows the fundamental mode of the dispersion curve predicted by the model for track 
conditions at Chullora which closely matches that of the field-measured dispersion 
curve. Based on the work by Connolly et al. (2014), the dispersion curves of the 
superstructure and substructure are intersected which yielded a critical speed of 198 m/s. 
The high critical speed values can be attributed to a stiff subgrade (weathered shale) 
presented at the site at a shallow depth of 1.3m below the sleeper base. 
 

 
Fig. 2 Comparison of model predictions with field measurements (a) track dispersion curves (b) 
dynamic vertical rail displacements at different train speeds  
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Fig. 2b shows the vertical rail displacements predicted at different train speeds for the 
high-speed rail site at Ledsgard, Sweden (Madshus and Kaynia, 2000) compared with 
the measured values. The model parameters for both sites are shown in Table 1, and for 
simplicity, different subgrade layers are combined to be considered as an equivalent 
subgrade. It is demonstrated that the model captures the amplification of dynamic 
displacements with increasing train speeds, quite well with the measured data. As 
predicted by Kaynia et al. (2000), the critical speed at the site was  235 km/h, which is 
close to that predicted by the model (241 km/h). 

Table 1 Material properties 

Ledsgard, Sweden 
 (Madshus and Kaynia, 2000)  

 E 
(MPa) 𝑣𝑣 𝜌𝜌 

(kg/m3) H (m) - - - - 

Crust 22.35 0.49 1500 1.1 - - - - 
Organic 
clay 6 0.49 1260 3 - - - - 

Clay-1 15.8 0.49 1475 4.5 - - - - 
Clay-2 31 0.49 1475 6 - - - - 
Clay-3 44 0.49 1475 HS - - - - 

Field studies (carried out in Australia) 

 Chullora, NSW 
(Malisetty and Indraratna 2024) 

Bulli, NSW, Australia 
 (Indraratna et al., 2010) 

 E 
(MPa) 𝑣𝑣 𝜌𝜌 

(kg/m3) 
H 
(m) 

E 
(MPa) 𝑣𝑣 

𝜌𝜌 
(kg/m3

) 
H(m) 

Ballast 150 0.35 1660 0.3 150 0.35 1660 0.3 
Capping 182 0.3 1800 0.2 180 0.3 1800 0.15 
Fill 127.4 0.4 2000 0.5 - - - - 
Subgrad
e 320 0.24 2000 HS 50 0.4 2000 HS 

 

2.2 Effect of recycled materials on critical speed 

The dynamic response of the track such as stresses and displacements and the 
subsequent degradation of subgrade is dependent on the proximity of the operating train 
speed to the critical speed of the track. By using a capping layer made of compacted 
granular fill, the critical speed of the track can be increased. However, as discussed 
earlier, the use of sustainable materials, such as SEAL with recycled rubber, is becoming 
increasingly important compared to traditional quarried materials. In this section, the 
present model is extended to predict subgrade degradation under repeated railway 
loading at different speeds and axle loads, while providing information on the 
effectiveness of recycled materials in alleviating/retarding subgrade degradation. For 
this, a track having a moderately soft subgrade was considered, similar to that of the rail 
line in the town of Bulli south of Sydney (Indraratna et al., 2010) with material 
properties shown in Table 1. Notably, several incidents of mud pumping were recorded 
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on that track section caused by subgrade degradation exacerbated by drainage 
impediments. The degradation curve as shown in Eq. (9) obtained from controlled 
laboratory experiments on subgrade soils consisting of silty clays with a dry density of 
1710 kg/m3 was adopted (Nguyen et al., 2021). The relationship represents the 
degradation (𝛿𝛿) of the shear modulus of subgrade soil (𝐺𝐺) with number of loading cycles 
(N) and cyclic stress ratio (CSR=𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜

2𝜎𝜎𝑐𝑐′
). 

 
1− 𝛿𝛿 =  𝐺𝐺𝑠𝑠𝑠𝑠/𝐺𝐺𝑠𝑠1 = 1− log(𝑎𝑎 .𝐶𝐶𝐶𝐶𝐶𝐶)𝑏𝑏 [log𝑁𝑁]𝑐𝑐                       (9) 
 

where, a, b and c are empirical constants and are considered as 3.34, 0.69 and 2.5, 
respectively, 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜  is the maximum octahedral deviator stress, and 𝜎𝜎𝑐𝑐′ is the effective 
confining pressure. 
     Fig. 3a shows the variation of the dynamic amplification factor of octahedral stress 
in the subgrade, approximately 100 mm below the top surface of the subgrade when 
different capping layers are used and when subgrade degradation is ignored. Octahedral 
stress is used for Dynamic Amplification Factor (DAF) as increased train speeds cause 
not only amplification of vertical stresses, but also amplification of shear and 
longitudinal stresses, and thus using 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜is more appropriate. For comparison, DAF=1 
is benchmarked to 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜  at the same point in the subgrade when no capping is used. Two 
key observations can be made from Fig. 3a: (i) increase in critical speed of the track 
when capping layer of different thickness and different materials are used, and (ii) DAF 
reduced with the addition of capping layers at both low train speeds as well as train 
speeds close to critical speeds. Although the SEAL layer is not as effective as the 
traditional capping layer due to lower shear modulus compared to that of traditional 
capping, using a 200mm SEAL [𝐸𝐸 = 95 𝑀𝑀𝑀𝑀𝑀𝑀] (Qi et al., 2018)], it still provides similar 
advantages as 150mm traditional capping layer. However, it is to be noted that the 
subgrade condition does not remain the same throughout the operational period of the 
track. When the subgrade is saturated and with low drainage potential such as during 
excessive rainfall events, the subgrade can degrade leading to excessive amplification 
than expected, leading to exacerbated problems such as mud pumping.  
 

  
Fig. 3 Influence of different capping layers on (a) Dynamic amplification factor of stresses at 100mm 
below the surface of subgrade (b) critical number of loading cycles considering subgrade degradation 
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Fig. 3b provides information on the critical number of loading cycles that a train can run 
on a track built on a problematic subgrade under unfavorable conditions. For calculating 
the 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜  at 1m depth below the sleeper base as per the analytical model for each 
cycle and then combined by Eq. (9) until the degradation of the subgrade reaches 60%. 
This threshold value is considered as the degradation of subgrade increases rapidly as 
observed from experimental results (Nguyen et al., 2021) and can act as an early warning 
sign to identify critical subgrade condition. For comparison, the track without a capping 
layer is plotted against the track with 150mm traditional capping and 200mm SEAL 
layer. As can be seen from Fig. 3b, 𝑁𝑁𝑐𝑐𝑐𝑐 reduces with increasing train speed as well as 
increasing axle loads for all geometry and axle load cases. For passenger trains 
(maximum axle load of 20 tonnes), as expected, a higher 𝑁𝑁𝑐𝑐𝑐𝑐 of more than 700 cycles is 
observed for low train speeds. In contrast, this is reduced by less than 100 cycles for 
high train speeds. However, since passenger trains comprise limited carriages, they pose 
no threat to subgrade degradation. Nevertheless, it can be observed that the critical 
number of load cycles is increased by using a 150mm thick traditional capping or a 
200mm thick SEAL with recycled materials, though the degree of improvement using 
both materials is almost the same. Importantly, for higher axle loads, for example 35- 
tonne axle loads which are common in freight networks of most countries, 𝑁𝑁𝑐𝑐𝑐𝑐 for track 
without a capping layer is less than 100 cycles even at the lower train speeds. This is 
especially critical for freight trains as most freight trains are very long, with no rest 
period for the excess pore water pressures in the subgrade to dissipate. Improvement in 
𝑁𝑁𝑐𝑐𝑐𝑐 is observed by adding capping layers, but the subgrade still reaches the threshold 
degradation quicker within 100 cycles (𝑁𝑁𝑐𝑐𝑐𝑐<100 cycles), when the train speed is beyond 
110 km/h. 

  
3   Numerical Modeling of Recycled Rubber Mat-Reinforced 
Ballast under Impact Load 

Railway operations continue to face major issues in managing track settlement, 
predominantly caused due to ballast breakage (Le Pen et al., 2016, Indraratna et al., 
2019). Prior research demonstrated that cellular reinforcements, such as geocells, and 
planar polymeric geogrids can improve track stability (Brown et al., 2007, Biabani et 
al., 2016, Luo et al., 2023). Nevertheless, a significant drawback of traditional geogrids 
positioned underneath the ballast layer is their inability to offer enough damping to 
absorb impact loads caused by rail corrugation or defective wheels (Indraratna et al., 
2020a). Rubber mats were recently trialed to improve track stability and lessen ballast 
breakage and distortion (Sol-Sánchez et al., 2014). Test results showed that the use of 
rubber materials, such as under-sleeper mat (USP) at the ballast-sleeper interface or 
under-ballast mat (UBM) installed beneath the ballast, can effectively reduce the stress 
transmitted to the track substructure (Jayasuriya et al., 2019). 
    In order to lessen the adverse effects of impact loads on ballasted tracks, this section 
explores the application of recycled rubber mats (RM) to be placed under the ballast 
layer. A number of tests were carried out utilizing the impact testing facilities, as 
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detailed by Remennikov and Kaewunruen (2014). The test results highlight that placing 
a rubber pad underneath the ballast layer significantly reduces the fracture of the ballast 
particles. While comprehensive laboratory test results were reported by Ngo et al., 
(2019), this paper revisits some of these findings to bolster the performance of the 
recycled rubber mat through numerical investigation as described below. 

3.1   Numerical modelling of impact test 

A common approach for examining the micro-mechanical behaviour of aggregates is 
the discrete element method, DEM, which was initiated by Cundall and Strack (1979), 
and this method has been commonly adopted for granular materials (McDowell and 
Harireche, 2002, O'Sullivan and Cui, 2009, Jia et al., 2023). DEM provides in-depth 
information on phenomena that are frequently challenging to capture using continuum-
based techniques, such as breakage, irregular grain geometries, contact force 
distributions, and the link between macro and micro-scale features. The performance of 
aggregates under impact loads was investigated using DEM, with a focus on the impact 
of recycled rubber mat (RM). In this study, a sample of ten ballast particles was gathered 
and scanned with a 3D laser scanner to precisely capture the irregular shapes of the 
particles. As shown in Fig. 4a, the scanned data was processed to produce polygonal 
meshes that mimic the angularity and geometric characteristics of ballast. To create the 
ballast inside the DEM framework, subroutines were simulated using the FISH 
programming language (Itasca, 2020).  In order to fill the digital meshes, these particles 
were modelled by joining several spheres together; and by permitting these bonds to fail 
(break), the ballast breakage was roughly replicated. 
    The continuum modeling method is effective for simulating large deformations but 
neglects the effects of angularity and particle breakage. The Discrete-Finite Element 
Method (DEM-FEM), a linked discrete-continuum strategy, is often used to overcome 
this constraint by combining the benefits of both numerical techniques (Indraratna et al., 
2020a). In this study, the continuum approach was adopted to describe the rubber 
membrane, i.e. rubber mat, capping and encircling of the ballast assembly (Fig. 4b, 4c), 
and DEM was adopted to model aggregates. A shape function was used to determine 
the velocities and positions of the membrane's edge-connected faces. By determining 
contact forces at the facets and applying the force equilibrium at their vertices, the 
coupling between DEM and FEM could be facilitated. Stiffness contributions were then 
taken into account when these forces were delivered to the nodes. To simulate impact 
force, a hammer was simulated as a rigid body that can be dropped from different heights 
in Fig. 4d. For additional information about the input parameters and coupling model 
used in this study, please refer to Ngo et al. (2024). 
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Fig. 4 (a) Discretised ballast particles in DEM; (b) Model geometry; (c) Placement of rubber mat, 
capping and subgrade; (d) DEM model for impact test (Ngo et al., 2024) 

3.2 The role of rubber mat in mitigating impact force  

The impact forces measured experimentally with a recycled rubber mat (RM) subjected 
to a drop height of ℎ𝑑𝑑 = 150 mm and those anticipated using DEM are presented in Fig. 
5. With a distinctive pattern of several peaks (P1 force) followed by a protracted, lower-
magnitude peak (P2 force), the simulated forces closely match the experimental findings. 
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The system's acceleration from strong inertial forces causes the P1 force to arise when 
the hammer strikes the ballast (Fig. 5a), peaking sharply at about 247 kN during a short 
period of 10 ms. Subsequently, several secondary peaks (P2) are seen, which finally 
taper off to about 30-40 kN. Although the force pattern is identical when the RM is 
included (Fig. 5b), it significantly lowers the intensity of the initial peak (P1). The peak 
force was approximately 247 kN without the RM and reduced to about 158 kN with the 
RM, indicating a reduction of around 36%. The energy absorption capability of the 
rubber mat (RM), which dissipates a portion of the impact force through its compressive 
qualities, is responsible for this notable drop. 
 

 
Fig. 5  Predicted impact forces from DEM and laboratory measurements: (a) without RM and (b) with 
RM. (modified after Ngo et al. 2024) 
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3.3 Effect of rubber mats on reducing particle breakage  

In the current DEM analysis, several spheres were bonded together to fill the digitised 
mesh to represent ballast particles; the breaking of these bonds was adopted to simulate 
ballast breakage. Fig. 6 illustrates the accumulation of broken bonds (NBreakage) as a 
function of the number of drops, Ndrop at a drop height of hd=200 mm. For comparison, 
the laboratory-measured ballast breakage index (BBI) was also included. The results 
show that NBreakage increases with rising Ndrop, closely following the trends of the 
laboratory-measured BBI. The energy-absorbing capacity of RM is responsible for the 
considerable reduction in Breakage NBreakage. By absorbing a portion of the impact 
energy, the rubber mat lessens the impact force applied to the ballast and thereby 
prevents damage. Additionally, RM reduces the magnitude of contact forces on the 
ballast by facilitating more even force distributions over a wider region. 

 

Fig. 6 Variations of broken bonds (NBreakage) and the ballast breakage index (BBI) during impact tests 
(modified after Ngo et al., 2024)  

4.4 Evolution of Coordination Number (Cn)  

The average number of contact forces in a particle is represented by the coordination 
number, Cn which is a microscopic parameter used to describe particle packing (Soga 
and O'Sullivan, 2010). Changes in packing and the new contacts created during the 
loading and particle breakage influence the development or loss of contacts, as shown 
by variations in Cn presented in Fig. 7. According to the results, Cn drops after the 
hammer hits the ballast assembly and then slightly rises as Ndrop proceeds before 
stabilizing at the test's conclusion. When RM is used, values of Cn fluctuate around 6.62 
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and is comparatively constant throughout the test. Without RM, on the other hand, Cn 
shows considerable oscillations (𝐶𝐶𝑛𝑛 =6.35 to 6.6), most likely as a result of particle 
breakage that causes particle displacement, rearrangement, and the creation of new 
connections. A higher Cn (6.62 with RM compared to 6.51 without RM) is the outcome 
of including RM. This implies in practice that a greater Cn can improve the constraint 
on particle’s deformation and lower breakage. 

 

Fig. 7 Effect of rubber mat on Cn for a drop height, hd =200 mm (modified after Ngo et al., 2024) 

4 Conclusions 

This paper introduced two computational methods to investigate the rail track 
performance with different substructure conditions, especially with recycled materials 
(e.g. SEAL and rubber mats). A coupled rheological-continuum model was developed 
to understand the track dynamic responses and the DEM-FEM method was used to 
investigate the influence of adding rubber mats on the track performance under impact 
loading. Key findings include: 

• The addition of a capping layer increased the rail track’s critical speed and 
reduced the DAF. The track having a softer SEAL with a thickness of 200 mm 
performs comparable to that with conventional capping materials of 150 mm. 
Under unfavorable conditions with problematic subgrade (e.g. saturated 
subgrade with low drainage conditions), the critical number of loading cycles 
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that the track could resist without subgrade instability is reduced with 
increasing train speed and axle loads, owing to the amplification of dynamic 
stresses. This critical number increased significantly with the addition of a 
capping layer, which delayed subgrade degradation and enabled 35-tonne axle 
trains to operate at speeds of up to 100 km/h. This finding amply reflects the 
importance of using a capping layer in railways under heavy haul trains, 
although a higher capping thickness is needed when using softer and 
sustainable energy-absorbing materials for new track design and construction.   

• Impact force intensity was considerably decreased by the addition of rubber 
mat (RM). The peak impact force dropped by about 36% with RM (drop from 
247 kN about 158 kN with RM). The use of rubber matconsiderably decreased 
the NBreakage by about 34%. For instance, at Ndrop = 15, NBreakage was 248 with 
RM and 374 without it. Furthermore, the presence of RM increased the Cn, 
which was Cn = 6.62 with RM compared to Cn = 6.51 in the absence of it. This 
finding leads to the conclusion in practice that, adding recycled rubber mats for 
track substructure can reduce the impact loads, decrease particle breakage and 
improve track stability, which eventually reduces track maintenance expenses 
related to ballast tamping. 
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