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ABSTRACT: Heavier and faster trains have motivated researchers to seek better ways to absorb 1 

the increasing amount of energy imparted to rail foundations and mitigate track deterioration. In 2 

recent years resilient rubber products have attracted more attention due to the high level of 3 

damping and the associated energy absorbing capacity of rubber. However, since rubber granules 4 

have lower shear strength and higher compressibility compared to natural rock aggregates, a better 5 

understanding of how rubber inclusions can influence the track system is imperative, especially 6 

before putting these recycled resilient materials into practice. In this paper, the performance of rail 7 

track incorporating an alternative subballast layer, i.e. a synthetic energy absorbing layer (SEAL) 8 

consisting of a mixture of granulated rubber and mining waste is evaluated through large-scale 9 

prismoidal triaxial tests and a computational dynamic model. It is revealed that the amount of 10 

granulated rubber in SEAL composites has a significant influence on the dynamic behaviour of 11 

the track. Fundamentally, increasing the amount of rubber within SEAL leads to a higher vertical 12 

deformation, increased energy absorbing capacity, and a higher damping ratio and vibration level, 13 

while reducing the ballast degradation, track stiffness and lateral movement (dilation) of the track. 14 

It has been found that 10% of rubber by mass is the optimal amount of rubber to be included in 15 

SEAL. This amount of rubber will ensure that a ballasted track can efficiently reduce the dynamic 16 

contact pressure at the interface between different track layers (i.e. sleeper, ballast, subballast, and 17 

subgrade), as well as reduce the lateral spread (dilation) and breakage of ballast without generating 18 

excess vibration and settlement comparing to traditional track materials. 19 

Keywords: recycled rubber; dynamic loading; ballast degradation; railway foundation; large-20 

scale laboratory tests; track dynamic model.  21 
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1. Introduction 22 

Due to the increasing demand for passenger and freight transportation, railways are now operating 23 

heavier and faster trains. As a result, the dynamic loads from moving stock lead to higher stresses 24 

and exacerbated ground vibration for track substructure, which in return damage the track 25 

components, escalate track deterioration (e.g. ballast degradation and track displacement), and 26 

increase the risk of derailment. Consequently, more frequent track maintenance is required, which 27 

then increases the cost of maintenance. Various techniques have been proposed to mitigate these 28 

adverse effects such as improving track foundations by including resilient components and 29 

geosynthetics, and attenuating ground vibrations from the source or receiver (Fernandes et al. 2008, 30 

Indraratna and Nimbalkar 2013, Tatsuoka et al. 2014, Toward et al. 2014, Fathali et al. 2019). Of 31 

these techniques, researchers and practitioners are realising that the inclusion of rubber materials 32 

such as recycled tyre cells, under-ballast shock mats, under-sleeper pads, and granulated rubber 33 

added to the compacted capping layer or to the ballast later itself can be beneficial options; this is 34 

because their higher damping properties and greater energy absorbing capacity help the track 35 

system to dissipate the energy from the dynamic (moving) loading and thereby mitigate the 36 

damage to rail tracks (Indraratna et al. 2020, Qi and Indraratna 2020).  37 

Previous studies found that installing rubber shock-mats beneath the sleepers or ballast stratum 38 

can significantly reduce ballast degradation and the stresses developed at the ballast-sleeper 39 

interface, while increasing the damping ratio and energy absorption capacity of the track system 40 

(Lakušić et al. 2010, Nimbalkar et al. 2012, Sol-Sánchez et al. 2014, Kaewunruen et al. 2017, 41 

Navaratnarajah and Indraratna 2017, Indraratna et al. 2018a, Indraratna et al. 2019, Jayasuriya et 42 

al. 2019, Ngo et al. 2019). Xin and Gao (2011) found that installing rubber mats in tracks over a 43 

concrete bridge deck reduces the vertical acceleration of the rail by almost 73% as the train passes 44 
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over at high speed (over 250 km/h). Indraratna et al. (2018c) used recycled tyre cells to confine 45 

crushed basalt forming the capping layer. Large-scale testing and numerical modelling have shown 46 

a reduction in lateral and vertical deformation, as well as lower ballast degradation and higher 47 

bearing capacity. Apart from rubber mats/pads and recycled tyre cells, granulated rubber or rubber 48 

crumbs have also proven to be alternative options for use in rail tracks. Tyre-derived aggregates 49 

mixed with ballast have been proposed by other researchers (Sol-Sánchez et al. 2015, Esmaeili et 50 

al. 2017, Gong et al. 2019) to reduce particle breakage and abrasion during tamping and subsequent 51 

track operations. Indraratna et al. (2018b) developed a synthetic energy absorbing layer (SEAL) 52 

by mixing rubber crumbs with industry by-products (e.g. steel furnace slag and coal wash) used as 53 

a subballast layer. The authors have carried out small-scale and large-scale laboratory tests to 54 

examine the performance of the SEAL mixture and found that with a proper amount of rubber the 55 

SEAL can reduce ballast degradation and maintain acceptable stiffness and deformation (Qi et al. 56 

2018b, Qi and Indraratna 2020). Since all these rubber inclusions can be manufactured from waste 57 

tyres, the resulting improvements are carbon-friendly and economically attractive. 58 

Despite the obvious advantages of using rubber materials, there are still some concerns about 59 

including these soft materials in track foundations. In general, the more resilient a track is, the 60 

smaller the dynamic wheel load generated from impact will be, which suggests that since the track 61 

modulus represents the overall stiffness of the rail foundation, it should not be overly high. 62 

However, a relatively low track modulus indicates a softer rail foundation which may lead to 63 

ballast or subgrade problems such as extensive deformation and vibration or even “bounciness” 64 

(Li and Selig 1995). In fact, when more rubber products are included, the track specimens present 65 

a lower track modulus with increasing deformation as reported (i) for a tyre cell reinforced capping 66 

layer (Indraratna et al. 2017), (ii) for granulated rubber mixed with ballast (Sol-Sánchez et al. 2015, 67 
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Esmaeili et al. 2017), and (iii) for rubber-waste aggregate mixtures used as subballast (Qi et al. 68 

2018a). Some soft ballast mats/under sleeper pads can suppress vibration in a relatively high 69 

frequency (i.e. 50 ~150 Hz), but not when the vibration is at a lower frequency (e.g. less than 30 70 

Hz) (Kaewunruen and Remennikov 2016). Fernández et al. (2018) found that mixing 2.5-5% of 71 

granulated rubber with ballast reduced peak acceleration in the ballast layer by 20-55%, but the 72 

other layers experienced increased vibration. This is why investigating what mechanisms and how 73 

much rubber inclusions are needed to optimise the dynamic performance of the track before any 74 

further field applications is imperative, especially if the mixtures are to incorporate granulated 75 

rubber or rubber crumbs.  76 

This paper focuses on the application of granulated rubber/rubber crumbs in rail tracks. It is a 77 

continuation of previous studies by the authors on the synthetic energy absorbing layer (SEAL) as 78 

a replacement for traditional subballast materials. Previous studies investigated the small scale 79 

static and cyclic loading behaviour of the SEAL matrix with different amounts of rubber, and they 80 

recommended that 10% of rubber can ensure an acceptable shear strength while enhancing the 81 

damping or energy absorbing properties (Indraratna et al. 2018b, Qi et al. 2019b, Indraratna et al. 82 

2020). Qi and Indraratna (2020) also proposed an energy-based analysis which indicated that 10-83 

13% rubber will dissipate the accumulated energy through an acceptable deformation in the SEAL 84 

layer and reduce ballast breakage. However, how the amount of rubber in a SEAL matrix can 85 

influence the dynamic performance of track (e.g. track modulus, damping property, vibration and 86 

dynamic loads at the interfaces between each layer) has not yet been addressed. Therefore, in this 87 

paper, the influence of the amount of rubber in SEAL on the dynamic response of track is 88 

investigated based on a series of large-scale laboratory testing in comparison with traditional track 89 
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specimens. The displacement and acceleration of rail influenced by the amount of rubber within a 90 

SEAL matrix are also examined utilizing using a track dynamic model. 91 

2. Large scale physical model for SEAL 92 

2.1 Materials and test program 93 

A large-scale physical model of the track was used to carry out a series of prismoidal triaxial tests 94 

to investigate the behaviour of the track that incorporates the SEAL matrix. This physical model 95 

has a ballast layer on top, a subballast layer in the middle and structural fill at the bottom, which 96 

simulates field conditions. The subballast layer was compacted with traditional subballast 97 

materials or the SEAL matrix containing varying amounts of rubber. These materials came from 98 

local suppliers, i.e., Bombo Quarry (NSW, Australia) for ballast, conventional subballast and 99 

structural rockfill, Australian Steel Milling Services for steel furnace slag (SFS), Illawarra Coal 100 

for coal wash (CW), and Tyre Crumbs Australia for rubber crumbs (RC). The grading curves of 101 

these materials are shown in Fig. 1. 102 

The SEAL matrix was prepared by firstly mixing steel furnace slag with coal wash at a blending 103 

ratio of 7:3 by mass to ensure the mixture had sufficient strength while preventing the unacceptable 104 

swell pressure indicated by Indraratna et al. (2018b) and Qi et al. (2019b). Different rubber 105 

contents (𝑅𝑏 = 0, 10, 20, 30 and 40%) were added to the mixture and blended thoroughly to form 106 

the following SEAL matrices, i.e., SEAL0, SEAL10, SEAL20, SEAL30 and SEAL40, where the 107 

number immediately following the word ‘SEAL’ denotes the rubber content by weight. The rubber 108 

content is limited to 40% because a mixture with 𝑅𝑏 > 40% will have a skeleton dominated by 109 

rubber, which is not applicable for civil engineering (Youwai and Bergado 2003). The grading 110 

curves for SEAL mixtures with different amounts of rubber are shown in Fig. 1. 111 



 

7 
 

The large-scale prismoidal triaxial facility (Fig. 2a) was used to examine the performance of the 112 

physical track model that incorporates SEAL. The testing chamber has a plan area of 113 

600 𝑚𝑚 × 800 𝑚𝑚 and a depth of 600 mm. Structural fill to a depth of 100 mm was compacted 114 

to the field dry density 𝛾𝑑𝑜𝑓 21.4 𝑘𝑁/𝑚3at the bottom of the test chamber. The subballast layer 115 

(either traditional material or a SEAL matrix with different amounts of rubber) on top of the 116 

structural fill was compacted to a depth of 150 mm with the dry density achieving 95% of the 117 

maximum dry density. The maximum dry density 𝛾𝑑,𝑚𝑎𝑥  of traditional subballast material is 118 

18.5 𝑘𝑁/𝑚3 with the optimum moisture content (OMC) of 4.5%; 𝛾𝑑,𝑚𝑎𝑥 of SEAL mixtures varies 119 

from 20.3 to 12.4 𝑘𝑁/𝑚3 as the rubber content increases from 0 to 40%, and OMC of SEAL 120 

mixtures remains within the range of 8-11%. A 200 mm thick layer of ballast with a bulk density 121 

of 15.3 𝑘𝑁/𝑚3 was then prepared on top of the subballast layer. A rail-concrete sleeper assembly 122 

with stiff E-type clip fastener system was placed on top of the ballast and then it was filled and 123 

levelled with shoulder ballast. A pressure cell was installed on top of each layer to detect the 124 

dynamic load (Fig. 2b). The ballast directly beneath the sleeper was painted for visual examination 125 

of breakage and collected after each test to determine the ballast breakage index (BBI). 126 

The cyclic loading was applied with a loading frequency of 15 Hz and the maximum vertical stress 127 

under the sleeper was 𝑞𝑚𝑎𝑥 = 230 𝑘𝑃𝑎 (Fig. 2c). This was to simulate the typical field conditions 128 

for an Australian freight train having a 25-tonne axle load running at a maximum speed of 110 129 

km/h (Indraratna et al. 2018c, Navaratnarajah et al. 2018). Before each test, a conditioning phase 130 

with a loading frequency of 5 Hz over 100 cycles was applied to increase the contact area between 131 

the sleeper and the underlying ballast. During testing, the two sidewalls in the test chamber that 132 

are parallel to the sleeper were kept still, while the other two sidewalls (i.e. perpendicular to the 133 

sleeper) were allowed to move laterally under the confining pressure of 15 kPa. This was in order 134 
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to simulate the condition of plane strain where deformation in the longitudinal direction of the 135 

track could be ignored. Each test was continued until 𝑁 = 500,000 cycles, and there were six tests 136 

in total during which the subballast layer was composed of either traditional subballast or with the 137 

SEAL matrix (𝑅𝑏 = 0, 10, 20, 30 or 40%). 138 

2.2 Deformation behaviour 139 

The vertical displacement of the track specimen with the SEAL matrix and traditional subballast 140 

materials under cyclic loading is shown in Fig. 3a. As the amount of rubber (𝑅𝑏) increases in the 141 

SEAL matrix the vertical displacement of the test specimen increases because of the increasing 142 

compressibility of the SEAL matrix as more rubber is added (Qi et al. 2018b). The vertical 143 

deformation of the test specimen increases rapidly in the first few thousands of cycles and then 144 

gradually stabilises as the accumulation rate of the vertical strain (𝜀1) decreases with the increasing 145 

number of loading cycles (Fig. 3b). Here, the accumulation rate of 𝜀1 denotes the tangential slope 146 

of the total vertical strain versus loading cycles plot for two adjacent concerned points. Fig. 3b 147 

shows that there is a sharp reduction in the accumulation rate of vertical strain after it reaches 10−8, 148 

which indicates that the increase in vertical deformation is negligible; in this case, the test specimen 149 

has apparently attained a state of ‘plastic shakedown’, which refers to a phenomenon where the 150 

granular aggregates under cyclic loading achieve a compacted assembly showing negligible 151 

vertical strain increment upon further loading (Lackenby et al. 2007). Except for SEAL40, the 152 

vertical deformation of all the test specimens attains plastic shakedown, albeit the specimen with 153 

traditional materials and SEAL0 reach plastic shakedown at around N=100,000 whereas others 154 

attain this condition at a later stage (N=300,000-400,000). Also note that the specimen with 155 

SEAL40 begins with a high accumulation rate of vertical strain (>10−4, Fig. 4b-3) and fails at 156 
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around N=1500 showing substantial settlement (> 40 mm) and pronounced vibration, which could 157 

be taken as plastic collapse.  158 

Lateral displacement and the accumulation rate of lateral strain of all the test specimens are shown 159 

in Fig. 4. As expected, the lateral dilation of the track specimens decreases as more rubber is added 160 

to the SEAL matrix, but only for values of 𝑅𝑏 < 20% (Fig. 4a). Except for the specimen with 161 

SEAL40, around 70% of the lateral dilation of other test specimens accumulates in the first 10,000 162 

cycles (Fig. 4a) where the accumulation rate of the lateral strain begins at a magnitude of 10−6 163 

and then gradually drops to a negligible level of 10−8 (Figs. 4b-1&2). It is noteworthy that when 164 

𝑅𝑏 ≥ 20% the lateral displacement of the test specimen fluctuates with increasing loading cycles 165 

(Fig. 4a) as the accumulation rate alternates between negative and positive values (Fig. 4b-2). This 166 

occurs because when 𝑅𝑏 ≥ 20% the skeleton of the SEAL mixture is increasingly dominated by 167 

rubber, so the specimen tends to behave as rubber-like (Qi et al. 2018a, Qi et al. 2018c). For the 168 

test specimen with SEAL40, the accumulation rate of lateral stain is much higher at 10−3 than 169 

those specimens with smaller amounts of rubber (Fig. 4b-3); this means that lateral dilation has 170 

accumulated at a faster rate. Moreover, the changing sign of the accumulation rate for the specimen 171 

with  𝑅𝑏 ≥ 20% indicates an unstable lateral behaviour because lateral compression and dilation 172 

appear alternately (Fig. 4b-3).  173 

The elastic vertical deformation of the test specimen shown in Fig. 5a is a good indicator of vertical 174 

vibration under cyclic loading (Qi and Indraratna 2020). It is noted that the elastic vertical 175 

deformation increases with the loading cycle and stabilises rapidly after 500 cycles. As the 𝑅𝑏 in 176 

the SEAL matrix increases, the elastic vertical deformation of the track specimen increases. The 177 

elastic vetical deformation reflects the way of rubber-soil mixtures to release the energy via 178 

increased bounciness (up and down movement), hence inducing more vibration in the test 179 
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specimen. In fact, the vertical displacement almost doubles when 𝑅𝑏 increases from 30% to 40%. 180 

Fig. 5b shows how the final elastic and plastic vertical deformations of the track specimen vary 181 

depending on the amount of rubber. The figure shows that elastic and plastic vertical deformations 182 

increase as more rubber is added to SEAL, and when 𝑅𝑏 increases from 30% to 40% this associated 183 

rapid increase in vertical deformation (settlement) corroborates with the severely increased 184 

vibration observed in the specimen with SEAL40. It is easy to understand that more rubber will 185 

cause more elastic strain as rubber is a visco-elastic material. On the other hand, as more rubber is 186 

added in SEAL, the mixture tends to present an increasingly looser condition under the same 187 

compaction effort, meaning that the mixture has a larger void space within the granular assembly 188 

(Indraratna et al. 2018b, Tawk et al. 2020). This will then enable further compaction under 189 

continuously dynamic loading, hence causing a higher plastic deformation. 190 

Compared to the test specimen tested here with conventional subballast materials and the specimen 191 

tested under the same loading conditions by Navaratnarajah et al. (2018), the specimen with a 192 

SEAL matrix having 𝑅𝑏 ≤ 10%  has an acceptable settlement (7.2-11 mm) comparing to the 193 

settlement of traditional track (5.3-13 mm) (Figs. 3a & 5b). Moreover, less lateral dilation is found 194 

for the specimen with 𝑅𝑏 ≥ 10% (Fig. 4a). Furthermore, the elastic deformation of 1.52 mm for 195 

the specimen with SEAL10 is comparable to a traditional track (Fig. 5b) indicating an acceptable 196 

level of vibration. This result also suggests that 𝑅𝑏 = 10% is a proper rate to add into SEAL to 197 

ensure the track will have acceptable settlement and less lateral dilation than a traditional track 198 

without experiencing greater vertical vibration. 199 

2.3 Energy absorbing property and ballast degradation 200 

Fig. 6 shows that the hysteretic loop of the track specimen at the end of each test varies according 201 

to the amount of rubber added. The hysteretic loop of the traditional track specimen is similar to 202 
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the specimen with SEAL0, albeit with less permanent vertical strain. Note that as more rubber is 203 

added to the SEAL matrix, the hysteretic loop of the track specimen expands and shifts to the right, 204 

and when 𝑅𝑏  increases to 40%, the subsequent increase in the area of the hysteretic loop is 205 

substantial. This further proves how the addition of rubber increases the permanent and elastic 206 

strain. Moreover, this increase in the loop area also indicates a higher dissipated energy. This has 207 

been further elaborated through Fig. 7 where the elastic energy density (𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐) and the dissipated 208 

energy density (𝐸𝑑) of the track specimen at the end of each test are presented. 209 

The dissipated energy density can be represented through the area of the hysteretic loop, whereas 210 

the elastic energy density refers to the area below the unloading line for each loading cycle (Qi 211 

and Indraratna 2020), as shown in Fig. 7. When 𝑅𝑏 increases from 0 to 20%, both 𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 and 𝐸𝑑 212 

increase, albeit this increase in dissipated energy is more pronounced (Fig. 7). However, while the 213 

𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐  and 𝐸𝑑  of the track specimens having SEAL20 and SEAL30 are similar, the track 214 

specimen with SEAL40 experienced a sharp increase in 𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 and 𝐸𝑑 . This indicates that the 215 

skeleton of the SEAL40 matrix is now controlled by the rubber particles which induce a rubber-216 

like behaviour, i.e. a large elastic strain and high compressibility due to larger voids between 217 

particles (Indraratna et al. 2020, Tawk et al. 2020). The sum of elastic energy and dissipated energy 218 

gives the total amount of absorbed energy by the track substructure. It is therefore easy to conclude 219 

that as more rubber is added to SEAL, more energy is absorbed by the track specimen.  220 

While this increase in dissipated energy may result in more energy being consumed by plastic 221 

deformation and/or particle breakage (Qi and Indraratna 2020), using SEAL with a higher  𝑅𝑏 may 222 

not be a favourable outcome. To investigate this possibility further, ballast particles directly 223 

beneath the sleeper were collected and sieved after each test to obtain the particle size distribution 224 

curves, and the ballast breakage index (BBI) was adopted in this study to evaluate ballast breakage 225 
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for each test. The value of BBI can be calculated based on the ballast grading curves before and 226 

after testing, as initially proposed by Indraratna et al. (2005). The definition of BBI is shown in 227 

Fig. 8a, and the BBI obtained after each test is shown in Fig. 8b. Basically, when 10% rubber is 228 

added to the SEAL matrix the BBI decreased by almost 60%, but when more rubber is added to 229 

SEAL there is no further improvement, which suggests that 10% rubber in SEAL is sufficient to 230 

mitigate ballast degradation. Note also that the BBI of the traditional track specimen is similar to 231 

the test specimen having SEAL0.  232 

The test results of BBI in Fig. 8b show that the more dissipated energy induced by adding rubber 233 

does not result in a higher particle breakage, it actually induces greater plastic deformation, as 234 

shown in Fig. 5b. This further indicates that the addition of rubber could reduce ballast breakage 235 

by enabling more energy to be consumed by plastic deformation. The ideal percentage of rubber 236 

in SEAL is expected to reduce ballast breakage without inducing extensive deformation, in 237 

comparison to traditional track materials. Therefore, 10% rubber is the recommended amount for 238 

a SEAL matrix in terms of ballast degradation and deformation. 239 

2.4 Track modulus and damping capacity 240 

The stiffness and damping properties are the key parameters governing the dynamic performance 241 

of rail track (e.g. vibration, deformation and energy dissipation). The track modulus (𝐾 ) is 242 

commonly used to indicate the vertical stiffness of a track supporting system that includes the 243 

faster, the sleepers and track substructure (i.e. ballast, subballast and subgrade), that can be 244 

calculated by Equations (1-2), as suggested by Selig and Li (1994): 245 

 
𝐾 =

𝑘4/3

(64𝐸𝐼)1/3
 

(1) 
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where 𝑘 is the stiffness of the entire track structure which considering the rail bending stiffness 𝐸𝐼, 246 

it can be obtained by: 247 

 𝑘 =
𝑞

𝛿
 (2) 

where 𝑞 is the per unit length vertical supporting stress provided by the track component, and 𝛿 is 248 

the vertical track deflection. As the track stiffness based on overall vertical deformation is directly 249 

influenced by the entire substructure assembly, it is assumed that the calculated value and the 250 

proposed relationship for track modulus in this particular study will be suitable for a track 251 

substructure that is relatively stiff (e.g. well-compacted ballast interlocked with concrete ties, stiff 252 

E-type clip fastener system, solid subgrade) as have been described in the section of Materials and 253 

Test Program.  254 

Damping refers to the loss of energy within a vibrating or cyclically loaded system. The damping 255 

efficiency can be evaluated using the damping ratio (D) which is the ratio of the dissipated energy 256 

to the maximum elastic energy stored during one loading cycle. It can be calculated through the 257 

hysteretic loop during the cyclic loading, as shown in Fig. 9b.  258 

The track modulus and damping ratio of the track specimen that vary with the loading cycles are 259 

shown in Fig. 9(a,b). As the loading cycles evolve, the track modulus increases at the beginning 260 

of each test as the test specimens become denser and rapidly stabilise for the remainder of the test. 261 

By increasing the amount of rubber in the SEAL matrix the track modulus decreases which is a 262 

direct result caused by the increasing vertical strain but with the same the dynamic load amplitude 263 

(Fig. 6), and also it is easy to understand because the shear strength of the rubber materials is less 264 

than the other two waste materials in the SEAL mixture (i.e. SFS and CW) (Qi et al. 2019a). 265 

Compared to traditional track materials, all the test specimens other than that with SEAL0 have a 266 
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lower track modulus. A higher track modulus (i.e. track stiffness) always helps to ensure the track 267 

has less vibration and deformation, but this may induce a higher interaction force between the 268 

sleeper and the ballast due to load concentration (Indraratna et al. 2017). Therefore, it is better for 269 

a track foundation with a SEAL matrix (i.e. SEAL10) to have a reasonable comparable track 270 

modulus with the traditional track rather than have a much higher or lower value.  271 

The track modulus at the end of each test is shown in Fig. 9c after each test; the figure shows there 272 

is an exponential relationship between 𝐾 and  𝑅𝑏% with a high regression coefficient of 𝑅2 =273 

0.94: 274 

 𝐾∗ = 𝛼1𝑒𝛼2( 𝑅𝑏+0.1) (3) 

where 𝛼1 and 𝛼2 are the fitting coefficients whose values are shown in Fig. 9c. 275 

Note that the test specimen with SEAL0 has a similar damping ratio to the traditional track 276 

specimen, but as  𝑅𝑏 in the SEAL matrix increases the damping ratio also increases, i.e. a higher 277 

energy dissipation efficiency (Fig. 9b). This indicates that as more rubber is added, more energy 278 

is dissipated through permanent deformation or/and particle breakage rather than in the form of 279 

elastic energy. This is also shown in Fig. 7 where the dissipated energy density gradually exceeds 280 

the elastic energy density and dominates as 𝑅𝑏 increases.  281 

Track vibration is a complex phenomenon sourced from the moving loads of the train and its 282 

propagation depends mainly on the track stiffness and the damping effect of the track substructure. 283 

This damping ratio however, is only a relative ratio that reflects the relationship between the 284 

dissipated energy and elastic energy rather than directly showing the damping effect of the test 285 

specimen. The damping effect of a system that will slow the vibration when subjected to dynamic 286 

loading can be evaluated by utilising the viscous damping coefficient (C). This is a theoretical 287 
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parameter that can explain how the energy dissipation due to friction can slow the motion of the 288 

system under dynamic loading (Escalante-Martínez et al. 2016). The viscous damping coefficient 289 

(C) strongly depends on the shear modulus and damping ratio of a system, and it can be obtained 290 

by using the following equations: 291 

 𝐶 = 𝐶𝑐 × 𝐷 (4) 

 𝐶𝑐 = 2√𝐾𝑚 (5) 

where 𝐶𝑐 is the critical damping coefficient and 𝑚 is the unit mass of the material in the system 292 

being considered. 293 

The viscous damping coefficient (C) for each track specimen obtained at the end of the test is 294 

shown in Fig. 9c. Basically, it increases as  𝑅𝑏 increases to 10% and then decreases as more rubber 295 

is added into the SEAL mixture, which suggests that SEAL with 10% rubber can act as a damping 296 

cushion in the rail foundation to slow the dynamic vibration. Moreover, an empirical relationship 297 

between C and  𝑅𝑏% can be obtained as shown by Equation (6), with a reasonably high coefficient 298 

of determination 𝑅2 = 0.92. 299 

 𝐶∗ = 𝛽1( 𝑅𝑏)2 +  𝛽2 𝑅𝑏 + 𝛽3 (6) 

where 𝛽1,2,3 are the fitting coefficients whose values are shown in Fig. 9c.  300 

2.5 Dynamic amplification factor 301 

Under dynamic loading conditions, the actual stress imparted by the track foundation is usually 302 

higher than the applied load. One of the main functions of the subballast layer is to distribute the 303 

load and reduce the stress being transmitted to other layers. To investigate how the incorporation 304 

of SEAL will influence the interface stress between each layer of track substructure, the measured 305 
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stress at the interface of each test specimen is shown in Fig. 10a. Note here that the measured stress 306 

at the interface decreases along the depth of the test specimen. At the interface of the same layer, 307 

the track specimen with SEAL10 has the lowest stress while the specimen with SEAL40 has the 308 

highest, and the stress at the interface of the traditional track specimen is higher than the specimen 309 

with SEAL10 but lower than the other test specimens.  310 

The dynamic amplification factor (DAF) is used to evaluate the dynamic loading in this study. It 311 

is a dimensionless parameter. It is the ratio between the maximum stress caused by the dynamic 312 

or cyclic load to the maximum deviator stress applied to the structure, and can be obtained via 313 

Equation (7), as suggested by Sun et al. (2016): 314 

 DAF=𝑞𝑑,𝑚𝑎𝑥 𝑞𝑚𝑎𝑥,𝑐𝑦𝑐⁄  (7) 

where 𝑞𝑑,𝑚𝑎𝑥 is the peak dynamic deviator stress measured during the cyclic loading test, and 315 

𝑞𝑚𝑎𝑥,𝑐𝑦𝑐 is the applied maximum deviator stress.  316 

The DAF of the test specimen that varies with the amount of rubber is shown in Fig. 10b. This 317 

figure shows that DAF decreases from the top layer of ballast to the bottom layer of subgrade as 318 

the stress is distributed alongside the depth. When 10% RC is added in the SEAL matrix, DAF 319 

decreases slightly from 1.25 to 1.1 and then increases as  𝑅𝑏 increases. Note that the DAF on top 320 

of ballast of the specimen with SEAL40 is more than double that of the specimen with SEAL10, 321 

and the interface stress on top of the ballast has doubled compared to the pressure applied due to 322 

the dynamic effect. The additional stress generated under the dynamic environment depends 323 

mainly on the lateral confinement, the loading frequency, the track stiffness and damping effect, 324 

and the energy absorbing capacity of the track substructure (Esveld and Esveld 2001). A track 325 

substructure with a relatively high track stiffness, low damping coefficient, and low energy 326 
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absorbing capacity that is subjected to a high lateral confining pressure and high loading frequency 327 

will generate a high DAF, and this extensive additional stress may result in high deformation and 328 

ballast breakage. Given that the lateral confinement and loading frequency are controlled the same 329 

during testing, the DAF for the track specimen in this study is influenced by a combination of track 330 

stiffness, damping coefficient, and energy absorbing capacity. Furthermore, since the track 331 

specimen with SEAL10 has the lowest DAF, it is recommended that the optimal percentage of 332 

rubber should be 10% in a SEAL matrix when the dynamic amplification effect is considered.  333 

3. Predicted dynamic response of rail with SEAL incorporated track  334 

To investigate how SEAL will affect the dynamic response (vertical displacement and acceleration) 335 

of rail in field conditions, a simple track dynamic model considering a platoon of moving line 336 

loads is adopted in this study (Fig. 11). The rail is considered to be a Bernoulli-Euler beam resting 337 

on a viscoelastic foundation that incorporates SEAL. This viscoelastic foundation is equivalent to 338 

a spring and dashpot system (Fig. 11) as the track foundation is simplified as a complete system 339 

during prismoidal triaxial testing to measure the track modulus and viscous damping coefficient. 340 

Assuming the rail deflection is 𝑢  in the vertical direction, the moving load is travelling in 𝑥 341 

direction (horizontally along the track), and the time is 𝑡, the origin of the coordinate system is set 342 

at the middle of the distribution of the last moving load. The common governing equation of a 343 

Bernoulli-Euler beam on a viscoelastic foundation is: 344 

 𝐸𝐼𝑢(4)(𝑥) + 𝐾∗𝑢 + 𝐶∗𝑢̇(𝑡) + 𝑚𝑢̈(𝑡) = 𝐹(𝑥, 𝑡) (8) 

where EI is the bending stiffness of the rail, 𝐾∗ and 𝐶∗ are the stiffness and the viscous damping 345 

coefficient of the track substructure that varies with the percentage of rubber in SEAL, as denoted 346 
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by Equations (3) and (6), respectively. Assuming the length of the rail is infinite, the boundary 347 

conditions are: 𝑢(±∞) = 0; lim
𝑥→±∞

𝑢(𝑗) (𝑥𝑗) = 0, 𝑗 = 1, 2, 3, 4. 348 

𝐹(𝑥, 𝑡)  is the external dynamic load (a platoon of uniform moving line loads with uniform 349 

distributions), as represented by Equation (9) (Sun and Luo 2008): 350 

 
𝐹(𝑥, 𝑡) = ∑ 𝑃exp (𝑖Ω𝑡)(2𝑟)−1𝐻(𝑟 − |𝑥 − 𝑣𝑡 − ∑ 𝑙𝑛

𝑛

𝑛=1

|)

𝑛

𝑛=1

 
(9) 

where i is a unit imaginary number. Each load is 2𝑟 long and 𝑛 is the number of moving loads, 351 

and 𝑃 and Ω are the amplitude and frequency of the jth load, respectively. 𝑙 is the space between 352 

the middle point of two adjacent moving loads. The moving load is travelling at a speed of 𝑣, and 353 

𝐻(∙) is the unit Heaviside step function defined as: 354 

 

𝐻(𝑥 − 𝑥0) = {

0  for 𝑥 < 𝑥0

1

2
  for 𝑥 = 𝑥0

1  for 𝑥 > 𝑥0

 (10) 

Applying the Fourier transform to Equation (8) and rearranging it gives: 355 

 
𝑢̃(𝜉, 𝜔) =

𝐹̃(𝜉, 𝜔)

𝐸𝐼𝜉4 + 𝐾∗ + 𝑖𝐶∗𝜔 − 𝑚𝜔2
 

(11) 

Applying the inverse Fourier transform to Equation (11) gives an integral representation of the 356 

steady-state dynamic displacement of the beam in the time domain: 357 

 

𝑢(𝑥, 𝑡) = (2𝜋)−2 ∫ ∫
𝐹̃(𝜉, 𝜔)exp [𝑖(𝜉𝑥 + 𝜔𝑡)]

𝐸𝐼𝜉4 + 𝐾∗ + 𝑖𝐶∗𝜔 − 𝑚𝜔2
𝑑𝜉𝑑𝜔

∞

−∞

∞

−∞

 

(12) 

Applying the Fourier transform to Equation (9): 358 
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𝐹̃(𝜉, 𝜔) = ∫ ∫ ∑ 𝑃exp (𝑖Ω𝑡)(2𝑟)−1𝐻(𝑟 − |𝑥 − 𝑣𝑡 − ∑ 𝑙𝑛

𝑛

𝑛=1

|)

𝑛

𝑛=1

exp [−𝑖(𝜉𝑥

∞

−∞

∞

−∞

+ 𝜔𝑡)]𝑑𝑥𝑑𝑡 

(13) 

Note that: 359 

 

∫ (2𝑟)−1𝐻(𝑟 − |𝑥 − 𝑣𝑡 − ∑ 𝑙𝑛

𝑛

𝑛=1

|)exp [−𝑖(𝜉𝑥)𝑑𝑥

∞

−∞

= ∫
exp (−𝑖𝜉𝑥)

2𝑟0

𝑣𝑡+∑ 𝑙𝑛
𝑛
𝑛=1 +𝑟0

𝑣𝑡+∑ 𝑙𝑛
𝑛
𝑛=1 −𝑟0

𝑑𝑥

=
𝑠𝑖𝑛𝑟𝜉

𝑟𝜉
exp [−𝑖𝜉(𝑣𝑡 + ∑ 𝑙𝑛

𝑛

𝑛=1

)] 

(14) 

 360 

 
∫ exp[−𝑖(𝜔 + 𝑣𝜉 − Ω)𝑡] 𝑑𝑡 = 2𝜋𝛿(𝜔 + 𝑣𝜉 − Ω)

∞

−∞

 (15) 

where 𝛿(𝑥) is the Dirac function. 361 

Substituting Equations (14-15) into Equation (13) gives: 362 

 
𝐹̃(𝜉, 𝜔) = ∑ 2𝜋𝑃exp (−𝑖𝜉 ∑ 𝑙𝑛

𝑛

𝑛=1

)(𝑟𝜉)−1sin (𝑟𝜉)

𝑛

𝑛=1

(𝜔 + 𝑣𝜉 − Ω) (16) 

Substituting Equation (16) into Equation (12) gives the vertical displacement of the rail: 363 
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𝑢(𝑥, 𝑡) = ∑
𝑃̅

2𝜋
exp (𝑖Ω𝑡)

𝐽

𝑗=1

× ∫
𝐸𝐼sin(𝑟𝜉) exp[𝑖𝜉(𝑥 − 𝑣𝑡)] exp (−𝑖𝜉 ∑ 𝑙𝑛

𝑛
𝑛=1 )

𝑟𝜉[𝐸𝐼𝜉4 + 𝐾∗ + 𝑖𝐶∗(Ω − 𝑣𝜉) − 𝑚𝜔(Ω − 𝑣𝜉)2)
𝑑𝜉

∞

−∞

 

(17) 

The vertical acceleration of the beam can then be obtained by differentiating Equation (17): 364 

Acceleration: 𝑢̈𝑡(𝑥, 𝑡)

= ∑
𝑃̅

2𝜋
exp (𝑖Ω𝑡)

𝑛

𝑛=1

× ∫
𝐸𝐼(Ω − 𝑣𝜉)2 sin(𝑟𝜉) exp[𝑖𝜉(𝑥 − 𝑣𝑡)] exp (−𝑖𝜉 ∑ 𝑙𝑛

𝑛
𝑛=1 )

𝑟𝜉[𝐸𝐼𝜉4 + 𝐾∗ + 𝑖𝐶∗(Ω − 𝑣𝜉) − 𝑚𝜔(Ω − 𝑣𝜉)2)
𝑑𝜉

∞

−∞

 

(18) 

All the parameters used for numerical computing this track dynamic model are listed in Table 1. 365 

The listed loading condition and the parameters of the track foundation simulate field loading 366 

conditions. P=50 kN and Ω = 15 Hz are the amplitude of the load and the loading frequency, 367 

respectively, used to simulate a train with a 25-tonne axle load running at 115 km/h. The values of 368 

K and C for each track having different SEAL matrices are obtained from the large scale prismoidal 369 

triaxial tests. The length of the load distribution is 2𝑟 = 15.75 𝑚 and the space between the two 370 

middle points of two adjacent loads is assumed to be 𝑙 = 18.75 𝑚;  this simulates standard 371 

suburban carriage stock in New South Wales, Australia (Punetha et al. 2020). 372 

The dynamic responses (i.e. displacement and acceleration) of a rail subjected to a single moving 373 

load with varying viscous damping coefficients and track stiffness in the track substructure are 374 

shown in Fig. 12 and Fig. 13, respectively. The observation point is at 𝑥 = 0, which is the point of 375 

origin of the coordinate system, and where 𝑡 = 0 means the moving load is passing through the 376 
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observation point. Both negative and positive values can be observed for the rail dynamic response, 377 

indicating the rail experiences tensile and compressive stresses as the moving load passes by. 378 

When the magnitude of the viscous damping coefficient is changed while all the other parameters 379 

are the same, there is a marginal change in displacement and acceleration as C increases from 104 380 

to 105 𝑁𝑠/𝑚2, and a large reduction (50-80%) when C increases from 105 to 106 𝑁𝑠/𝑚2 and 381 

then to 107 𝑁𝑠/𝑚2. Moreover, peak displacement and acceleration are not sensitive to changes in 382 

the track stiffness from 105 to 106 𝑁/𝑚2 but they decrease significantly when the track stiffness 383 

varies between 106  to 109  𝑁/𝑚2 . Furthermore, a reduction in track stiffness induces vertical 384 

deflection to takes longer to recover (Fig. 13a). Given that the track stiffness and viscous damping 385 

coefficient of track substructure will generally vary between 105  ≤ 𝐶 ≤ 107 𝑁/𝑚2 and 106 ≤386 

𝐾 ≤ 109 𝑁/𝑚2, the damping property and track stiffness of the track substructure are the two key 387 

factors that influence rail deformation and vibration.  388 

Because changing the amount of rubber in the subballast layer changes the damping property and 389 

track stiffness, a plot of the dynamic response of rail that varies with the amount of rubber shows 390 

a combination change of the damping property and track stiffness, as shown in Fig. 14. The model 391 

prediction shows that when increasing the amount of rubber in SEAL, a rail experiences higher 392 

displacement and acceleration, which indicates that more rubber can generate more deformation 393 

and vibration for the rail track. This agrees with the laboratory test results where more rubber 394 

generates more vertical deformation (shown earlier in Fig. 3) and more elastic energy (see Fig. 7). 395 

Moreover, when the percentage of rubber in SEAL increases to 40% the subsequently sharp jump 396 

in displacement and acceleration is almost 2-3 times greater than without rubber. This matches the 397 

laboratory observation that the track with SEAL40 collapsed with severe vibration and 398 
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displacement. Compared to the traditional track, rail tracks with SEAL0 and SEAL10 have similar 399 

or even less vertical deflection and acceleration. 400 

To obtain a further space-time overview of how the percentage of rubber in SEAL affects the 401 

vertical vibration of rail, a three-dimensional view of the acceleration of rail by applying a platoon 402 

of ten moving loads (i.e. 𝑛 = 10) is shown in Fig. 15. The peak acceleration occurs almost at the 403 

point of origin of the coordinate system. It is noted that the amplitude of acceleration increases as 404 

more rubber is added to the track foundation. The peak acceleration of track with SEAL40 is 405 

almost 60% greater than with SEAL0, whereas acceleration with SEAL10 is comparable to a 406 

traditional track, and this is in line with the laboratory observations. 407 

Overall, the track dynamic model further validates how the percentage of rubber crumbs used in 408 

the subballast layer will affect the dynamic response of track, such that more rubber generates 409 

more settlement and vibration, while the settlement and vibration of the track with SEAL10 is 410 

comparable to traditional track. Furthermore, utilising SEAL10 leads to less lateral dilation, less 411 

ballast degradation, and less dynamic pressure at the interface of the substructure. Therefore, 10% 412 

rubber is recommended to be included in SEAL to replace traditional subballast materials. 413 

4. Limitations of the study 414 

Apart from the properties of the substructure materials, track dynamic response is also influenced 415 

by other parameters such as the excitation frequency, varied axle loads from different rolling stock 416 

generating a wider array of cyclic stress ratios as well as the structural assembly of track and the 417 

type of gauge (i.e. geometry and ballast-sleeper assemblies). The individual roles of all these 418 

influential factors could not be considered within the scope of this single study. Consequently, the 419 

contents of this paper are subjected to certain limitations within its current scope in relation to the 420 

following simplifications and assumptions. 421 
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(i) The computed track modulus is based on the assumption of a relatively stiff  track substructure 422 

consisting of well-compacted ballast and sub-ballast overlying a solid subgrade; the analysis may 423 

deviate from accuracy if the substructure layers are considerably softer or compressible. 424 

(ii) The laboratory investigation and the track dynamic model were specifically focused on 425 

examining the influence of rubber contents in the energy absorbing mixtures on the track dynamic 426 

response, while all other contributory factors (e.g. track geometry and structure, loading conditions, 427 

ballast and subgrade characteristics) were kept unchanged. Indeed, the track response will be 428 

different if other parameters are also varied, for instance if the track construction materials were 429 

to be changed.  430 

(iii) Only one value of loading frequency (15 Hz) was used in the current study that would 431 

corroborate with the range of 80-110 km/h speeds for heavy haul trains in Australia depending on 432 

the type of track gauge and the bogey spacing of freight trains. Naturally, either much smaller or 433 

much greater frequencies for the same applied cyclic load will generate varied track dynamics. 434 

5. Conclusions  435 

In this paper, a synthetic energy absorbing layer (SEAL) was proposed to replace traditional 436 

subballast material. The performance of track specimens with SEAL was examined through large-437 

scale prismoidal triaxial tests under cyclic loading by changing the amount of rubber in the SEAL 438 

matrix. It was revealed that the amount of RC within the SEAL matrix had a significant influence 439 

on the dynamic response (deformation, ballast degradation, track modulus, damping ratio, 440 

vibration, stress distribution, and energy absorbing capacity) of the rail foundation. On this basis 441 

a track dynamic model was developed to better investigate track performance when SEAL was 442 

used. The following conclusions can be drawn from this study: 443 
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(1) When the amount of rubber in the SEAL matrix was increased the permanent and elastic 444 

vertical displacement of the track specimen increased, but its lateral dilation decreased. 445 

When the rubber content in SEAL was ≥ 20% , lateral deformation fluctuated as 446 

compression and dilation appeared alternately. The test specimen with SEAL40 reached 447 

plastic collapse with extensive settlement and excessive vibration at around 1500 loading 448 

cycles, whereas all the other specimens achieved plastic shakedown before the test ended.  449 

(2) The addition of rubber in SEAL increased the total energy absorbing capacity of the track 450 

specimen and mitigated ballast breakage. When 10% of rubber was added to SEAL, the 451 

BBI decreased by almost 60%, but when more rubber was added there was no further 452 

benefit. This implies that for each type and gradation of granular material, an optimum 453 

rubber content exists beyond which the returns are marginal. 454 

(3) Adding resilient rubber to the SEAL matrix reduced the track modulus and increased the 455 

damping ratio of the track specimen (i.e. the efficiency to dissipate energy). The viscous 456 

damping coefficient which reflected its ability to reduce motion increased as 10% rubber 457 

was included, after which it decreased again. These results imply that the damping 458 

coefficient of the SEAL is directly related to the optimum rubber content. While it was 459 

evaluated at 10% for the material tested herein, for significantly different types of granular 460 

soils and rockfills the optimum rubber content may deviate from 10%. 461 

(4) The pressure at the interface and DAF decreased along with the depth of the track 462 

foundation. The test specimen with SEAL10 had the lowest pressure and DAF at the 463 

interface of each layer, whereas the interface pressure and DAF increased as rubber 464 

contents increased beyond 10%. 465 
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(5) A dynamic track model was developed to investigate the dynamic response of rail tracks 466 

incorporating the SEAL matrix. It was found that the dynamic response of rail (deflection 467 

and acceleration) was mainly affected by the track modulus and damping property, both of 468 

which were governed by changing the percentage of rubber in SEAL. While the addition 469 

of rubber increased the vertical deflection and acceleration of the track, the use of SEAL10 470 

would still ensure an acceptable dynamic response.  471 

(6) Compared to the traditional track specimens, adding 10% rubber in SEAL reduced lateral 472 

dilation, ballast degradation, and stresses developed at the interface, while maintaining an 473 

acceptable level of vertical deformation and vibration. On this basis SEAL10 can be 474 

recommended to be a  promising option for rubber-blended capping or subballast materials 475 

to replace traditional subballast in rail tracks.  476 

  477 
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Table list 604 

Table 1 Parameters for SEAL incorporated track  605 

Parameters  SEAL 0  SEAL10 SEAL20 SEAL30 SEAL40 Traditional 

P (kN) 50    50 50 50 50 50 

EI (N/m2) 2300  2300  2300  2300  2300  2300  

K (N/m2) 10.7*107  6.3*107  4.8*107  4.4*107  1.6*107  7.1*107 

m (kg/m) 2033.58  1999.75  1974.08  1953.41  1935.92  2011.75 

C (Ns/ m2) 3.46*105  4.55*105  3.89*105  3.59*105  2.32*105  3.03*105 

𝛀 (Hz) 15  15  15  15  15  15  
 606 

 607 

 608 
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Figure captions 610 

Fig. 1 Grading curves for ballast, traditional subballast, structural fill, steel furnace slag, coal 611 

wash, rubber crumbs, and the SEAL matrix  612 

Fig. 2 (a) Large-scale prismoidal triaxial apparatus with a well-prepared specimen; (b) cross-613 

section view of the 3-layered physical model; (c) cyclic loading conditions 614 

Fig. 3 Deformation responses of the track specimens with different SEAL matrix or traditional 615 

materials: (a) vertical displacement, (b) accumulation rate of vertical strain 616 

Fig. 4 (a) Lateral displacement of the track specimens with different SEAL matrix and traditional 617 

materials; and accumulation rate of lateral strain of track specimens with (b-1, b-2) SEAL0-618 

SEAL30 and traditional materials, (b-3) SEAL40 619 

Fig. 5 Deformation responses of the track specimens with different SEAL matrix or traditional 620 

materials: (a) elastic vertical deformation, and (b) total plastic and elastic deformation  621 

Fig. 6 Hysteretic loops of the track specimen with traditional subballast or SEAL matrix having 622 

different rubber contents at the end of each test 623 

Fig. 7 Energy density of the track specimen with SEAL matrix having different rubber contents 624 

at the end of each test  625 

Fig. 8 (a) Definition of ballast breakage index (BBI); (b) BBI obtained from each test 626 

Fig. 9 Track modulus and damping ratio of the track specimen with SEAL matrix or traditional 627 

subballast materials (a-b) changing with loading cycles, and (c) at the end of each test  628 

Fig. 10 (a) Measured pressure on top of each layer (i.e. ballast, subballast and structural fill) for 629 

each test; (b) DAF for track specimen changing with RC contents within SEAL matrix 630 

Fig. 11 A rail track subjected to a platoon of uniform moving line loads 631 

Fig. 12 Dynamic response of rail with changing viscous damping coefficients: (a) displacement 632 

and (b) acceleration  633 

Fig. 13 Dynamic response of rail with changing shear stiffness: (a) displacement and (b) 634 

acceleration  635 

Fig. 14 Predicted rail dynamic response for traditional track and track incorporated with SEAL 636 

(a) displacement and (b) acceleration 637 

Fig. 15 Predicted 3-D view of the acceleration for the track with (a) SEAL0, (b) SEAL10, (c) 638 

SEAL20, (d) SEAL30 and (e) SEAL40 and (f) traditional materials 639 

 640 

  641 



 

34 
 

 642 

Fig. 1 Grading curves for ballast, traditional subballast, structural fill, steel furnace slag, coal 643 

wash, rubber crumbs, and the SEAL matrix   644 
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 645 

Fig. 2 (a) Large-scale prismoidal triaxial apparatus with a well-prepared specimen; (b) cross-646 

section view of the 3-layered physical model; (c) cyclic loading conditions 647 
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 648 

Fig. 3 Deformation responses of the track specimens with different SEAL matrix or traditional 649 

materials: (a) vertical displacement, (b) accumulation rate of vertical strain 650 

  651 
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 652 

Fig. 4 (a) Lateral displacement of the track specimens with different SEAL matrix and traditional 653 

materials; and accumulation rate of lateral strain of track specimens with (b-1, b-2) SEAL0-654 

SEAL30 and traditional materials, (b-3) SEAL40 655 

  656 
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 657 

Fig. 5 Deformation responses of the track specimens with different SEAL matrix or traditional 658 

materials: (a) elastic vertical deformation, and (b) total plastic and elastic deformation  659 

 660 
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 662 

Fig. 6 Hysteretic loops of the track specimen with traditional subballast or SEAL matrix having 663 

different rubber contents at the end of each test 664 

  665 
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 666 

Fig. 7 Energy density of the track specimen with SEAL matrix having different rubber contents 667 

at the end of each test  668 

  669 
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 670 

Fig. 8 (a) Definition of ballast breakage index (BBI); (b) BBI obtained from each test 671 

  672 
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 673 

Fig. 9 Track modulus and damping ratio of the track specimen with SEAL matrix or traditional 674 

subballast materials (a-b) changing with loading cycles, and (c) at the end of each test  675 
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 676 

Fig. 10 (a) Measured pressure on top of each layer (i.e. ballast, subballast and structural fill) for 677 

each test; (b) DAF for track specimen changing with RC contents within SEAL matrix 678 
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 680 

Fig. 11 A rail track subjected to a platoon of uniform moving line loads 681 

  682 
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 683 

Fig. 12 Dynamic response of rail with changing viscous damping coefficients: (a) displacement 684 

and (b) acceleration  685 
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 687 

Fig. 13 Dynamic response of rail with changing shear stiffness: (a) displacement and (b) 688 

acceleration  689 

  690 
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 691 

Fig. 14 Predicted rail dynamic response for traditional track and track incorporated with SEAL 692 

(a) displacement and (b) acceleration 693 
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 695 

Fig. 15 Predicted 3-D view of the acceleration for the track with (a) SEAL0, (b) SEAL10, (c) 696 

SEAL20, (d) SEAL30 and (e) SEAL40 and (f) traditional materials 697 


