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Abstract 1 

The deployment of asphaltic support layers (ASLs) within railway track structures has the potential to increase 2 

track bending stiffness, assist moisture runoff and provide a platform for track construction. These merits have 3 

increased its usage within the rail industry, however the understanding of asphaltic track dynamics during train 4 

loading remains limited. Therefore, the primary aim and novelty of this study is the development of new 5 

knowledge into the dynamic behavior of concrete slab track systems enhanced with asphaltic underlays. To do 6 

so, a numerical simulation approach is used, comprised of two sub-models: 1) a coupled multi-body 7 

vehicle−track model, for the purpose of computing wheel/rail forces; and 2) a 3D dynamic finite element track-8 

ground model to simulate stress wave propagation in the sub-structure. The models are validated using both 9 

analytical results and field tests, and then used to simulate slab track systems with ASL thicknesses of: 0, 0.05, 10 

0.07, 0.10, and 0.15 m. First the dynamic response at locations both near and far from the track joints are 11 

compared to quantify the asphaltic foundation stresses, deflections, accelerations and strains. It is found that stress 12 

concentrations occur near the concrete base joints and are an important consideration for ASL design. Next, 13 

asphalt concrete durability at 400 km/h line speed is explored considering seasonal temperature variations and it 14 

is found that the expected cumulative damage meets serviceability requirements. Finally, the influence of 15 

different asphaltic layer thicknesses on reaction modulus is discussed, concluding that the optimal thickness range, 16 

considering plastic deformation and construction constraints, is between 0.07 m and 0.10 m. 17 

Keywords: Asphalt concrete; Asphaltic slab track; Vehicle−track coupled dynamics; Dynamic finite element 18 

method; Railway asphalt vibration; Railway trackbed  19 



 

 

Nomenclature 20 

ASL Asphalt support layer Cp Damping of fastener 

AUR 
Upper roadbed underneath asphalt 
support layer CBT 

Tangential coefficients of spring 
damping 

ALR 
Lower roadbed in asphalt track 
foundation 

Cn Courant number 

AASHO 
American Association of State 
Highway Officials C1, C2 Positive constants in WLF equation 

ASTB Asphaltic slab track bed Cs Shear-wave velocity 

CRTS III China Railway Track System III Cp Compressive wave velocity 

CRTS Ⅱ China Railway Track System II Cpz Primary suspension damping 

DOF Degree of freedom Csz Secondary suspension damping 

FEM Finite element method EIY Rail bending stiffness to the Y-axle 

HSR High-speed rail EA Elastic modulus of asphalt concrete 

LR 
Lower roadbed in conventional slab 
tracks (base model) EsIs Slab bending stiffness 

NMS 
Mode numbers of Xn(x) selected for 
slab modelling 

EbIb Concrete base bending stiffness 

NM Order number of rail vibration mode Er Elastic modulus of rail 

NMB 
Mode numbers of Xn(x) selected for 
concrete base modelling 

Frs Fastener force 

SBV Schwellen MIT Bitumen Verguss Gwr 
Constant concerning the wheel/rail 
contact condition 

VFA Voids filled with asphalt Hb Height of concrete base 

WLF Williams–Landel–Ferry Hs Height of track slab 

[Cv] System matrices for damping of 
vehicle 

Ir Area moment of rail 

[Kv] System matrices for stiffness of vehicle Jt Bogie pitch moment of inertia 

[Mv] System matrices for mass of vehicle Jc Car body pitch moment of inertia 

{Pwr} 
System force vectors of wheel/rail 
interaction 

KBT 
Tangential coefficients of spring 
stiffness 

{Zv} System displacement vectors of vehicle KBN Normal coefficients of spring stiffness 
[ε] Threshold elastic strain Ksz Secondary suspension stiffness 

Tn(t) Generalized coordinate concerning 
time t K30 Subgrade reaction modulus 

Xn(x) Mode functions of the slab with x 
coordinates ksc 

Stiffness per unit length of self-
compacting concrete 

q(t) Generalized coordinate for the vertical 
motion of rail Kp Stiffness of fastener 

δ(x) Dirac function Kpz Primary suspension stiffness 

δZj(t) 
Compression at the jth contact point 
solved by vertical track irregularity, and 
the wheel and rail displacements 

Lt Axle spacing 

Bs Width of track slab ls Spacing of fasteners 
Bb Width of concrete base mr Mass per unit length of rail 

CBN Normal coefficients of spring damping n0 
Total number of rail fasteners mounted 
on a single slab 

Lmin 
Distance between two adjacent nodes 
on a moving load's path. xwj Position coordinates of the jth wheelset 

Lv Vehicle length xi Position coordinates of ith fastener point 
Lb Length of concrete base αN Normal correction coefficient 
Lc Bogie spacing αT Tangential correction coefficient 

Ls Length of a single slab βn 
Frequency coefficient corresponding 
to𝑋𝑛(𝑥) 

ms Track slab mass λmin The smallest wave length 

Mt Bogie mass εr Tensile strain at the base of ASL 

Mw Wheelset mass εz Compression strain on the surface of 



 

 

roadbed 

Mc 
Total mass of Car body and dead 
weight tonnage 

εzu Compression strain on AUR surface 

Na 
Number of load applications required 
by fatigue damage 

εzl Compression strain on ALR surface 

Ns Number of loadings with respect to 
allowable permanent deformation 

C Constant related to VFA 

Ni 
Number of bogie passages in each 
season 

G Shear modulus 

Nsi 

Allowable number of bogie passages 
defined for each season related to the 
deformation-included damage 

K Bulk modulus of the structural layers 

Nai 

Allowable number of bogie passages 
defined for each season related to the 
fatigue damage 

N Total number of rail fasteners 

P0 Design axle load P Wheel/rail contact force 

Rw Wheel rolling radius R 
Distance from the boundary to the 
vibration source 

Tref Reference temperature T Temperature 

aT Shift factor c Wave velocity in a medium 

cs Damping of cement asphalt mortar β Correction factor 

csc 
Damping per unit length of self-
compacting concrete 

ρ Mass density 

cf 
Damping per unit length of soil 
foundation 

Δt Fixed time increment 

kf 
Stiffness per unit length of soil 
foundation 

  

ks Stiffness of cement asphalt mortar layer   

  21 



 

 

1. Introduction 22 

Ballastless tracks are commonly used on high-speed lines due to their perceived higher performance and 23 

reduced maintenance requirements compared to ballasted tracks [1–4]. The subgrade serves as a structural 24 

foundation; however, it can be negatively affected by environmental factors (e.g., rainfall and humidity), 25 

potentially resulting in frost heave [5,6], mud pumping [7], and other defects [8,9]. Furthermore, the subgrade is 26 

typically formed from unbound material with minimal bending stiffness to spread the induced traffic loads. 27 

As a solution, placing asphaltic support layers (ASL) within ballasted and ballastless track systems has 28 

recently emerged as an attractive method to reduce substructure deformation by increasing bending stiffness and 29 

waterproofing [10–12]. For example, asphalt mixtures, with densely graded aggregates and low air voids (1−3%), 30 

can help to provide isolation properties and resistance against water damage [13–15]. Further, during track 31 

construction, asphaltic layers provide a high-quality foundation for the operation of heavy plant, thus improving 32 

track-bed construction quality. Despite the potential benefits of ASLs, there has been limited scientific research 33 

to optimize their usage for railways. Although asphaltic materials are commonplace and well understood in the 34 

field of highways, the dynamic loads and lifespans expected in a railway environment are significantly different. 35 

For example, highway asphalt pavements lifespans are 15 to 20 years, whereas high-speed rail (HSR) 36 

infrastructure is designed to last much longer, up to 100 years [16]. Similarly, highways typically experience 37 

relatively low moving load speeds, excited by wavelength ranges that differ significantly from HSR. Further, 38 

expansion joints between adjacent track slabs or concrete bases leads to stress concentrations in the track 39 

foundations. 40 

Over the last half century, asphalt-based materials have been introduced into existing and newly developed 41 

railway systems. The primary application of asphaltic layers has been for ballasted track. For ballasted railway 42 

systems, an asphalt underlayment serves as an additional structural layer between the ballast and the 43 

subgrade/subballast, with the aim of reducing subgrade deterioration under the combined effects of train loading 44 



 

 

and water seepage [17]. Early adopters of asphalt included Austria, Italy, America, and Japan, with tests of the 45 

technology beginning in the 1960’s [18]. The related long-term field evaluations, simulation calculations and 46 

recent laboratory tests [19] have shown it to have a positive benefit on trackbed performance. 47 

In addition to ballasted track applications, the asphaltic slab track bed (ASTB) system involves laying 48 

asphalt directly under a concrete slab track. Several European countries and Japan first introduced ASTB to 49 

construct HSRs and urban transit lines [20]. Varieties of asphaltic slab track beds have been proposed [14], 50 

including RA-slab on the Sanyo and Tohoku Shinkansen lines in Japan [21] and Schwellen mit BitumenVerguss 51 

(SBV) systems in Germany [22]. However, the widespread application of RA-slabs has been delayed in Japan 52 

due to challenges regarding settlement and durability [21]. Further, the SBV system in Germany was also 53 

ultimately superseded by system with asphaltic trackbed laid directly below the sleepers [22]. Considering the 54 

potential benefits, yet the practical challenges of developing asphaltic slab tracks, currently there is the 55 

opportunity to develop new knowledge into the behavior of the technology to overcome the current challenges. 56 

In recent years, dynamic models have been proposed to simulate the interaction of between railway vehicles, 57 

track and subgrade [23–25]. When studying subgrade dynamics, the FEM has been proposed to investigate the 58 

effect of nonlinear material properties, irregular geometric shapes and structural discontinuities [26]. These 59 

include Hall [27] who developed a 3D finite element track-soil model using ABAQUS, which was subject to 60 

moving point loads, and the related works have been done by Connolly et al. [28,29], Shih et al. [30,31], Powrie 61 

et al. [32] and Varandas et al. [33]. Alternatively, El Kacimi et al. [34] proposed a Fortran based 3D FE code in 62 

the time domain, while Galvín and Domínguez [35] proposed a frequency domain solution. Kouroussis et al. [36] 63 

combined a vehicle-track coupled system with a full 3D ground model to predict vibrations induced by railway 64 

transportation. Auersch [37] and O’Brien & Rizos [38] also coupled a multi-body vehicle system with a 3D 65 

FEM-BEM model to evaluate dynamic responses caused by moving trains. Alternatively, 2.5D methods [39–66 

46] and the Thin-Layer Method (TLM) [47–51] have been proposed to take advantage of domain geometry 67 



 

 

invariances and thus improve computational efficiency. Based on the aforementioned approaches, [52–54] used 68 

the finite element method to analyse asphalt railway substructures.  69 

Considering this previous research, two shortcomings are common: 1) Many railway asphalt studies 70 

simplify the excitation as a moving point load, thus ignoring train-track interaction, and thus of random track 71 

irregularities.  This is an important contributor to track dynamics; 2) Most studies have focused on the underlying 72 

behaviour of continuous asphalt track structures, thus ignoring the effect of stress concentrations at the 73 

longitudinal expansion joints between track slabs and bases.  Again, this is an important factor for consideration 74 

because this is where the largest dynamic stresses will occur. 75 

Therefore, this work proposes a modified approach that is well-suited to simulating asphaltic railway track, 76 

including train-track interaction and expansion joints. It combines a vehicle−track coupled dynamics model with 77 

a 3D track−subgrade FE model to simulate the dynamic behavior of ASL within a concrete slab track system. In 78 

the coupled dynamic model, random track irregularities are employed as system excitations to calculate the 79 

wheel/rail forces. In the FE model, a refined track−subgrade system is proposed, capable of accounting for non-80 

linear material properties, specific geometries and structural discontinuities. A generalized Maxwell model in the 81 

form of Prony series is adopted for describing the viscoelasticity of asphalt concrete. The primary novelty of the 82 

paper is the use of the model to investigate the dynamic behavior of asphaltic support layers in the presence of 83 

train-track interaction and slab joints. To do so, a slab track system model with five different thickness of ASL is 84 

simulated. Considering the longitudinal discontinuity of the slab track structure, the stresses, deflections, 85 

accelerations, and strains of three joint-dependent locations are analysed. Finally, the durability of asphalt 86 

concrete under long-term railway operations is examined, and the implications on ASL design are discussed. 87 

2. Modelling framework 88 

2.1 Modelling overview 89 

Vehicle−track vibrations are primarily induced by the irregular surfaces of wheels and rails. To consider 90 



 

 

this interaction, a vehicle−track coupled dynamic model is used to calculate the wheel/rail forces. After that, to 91 

evaluate the dynamic response of varying subgrades under train passage especially at joint-dependent locations, 92 

a track−subgrade model should be capable of accounting for nonlinear material properties, detailed track 93 

geometry, structural and discontinuities. To do so, this paper proposes a hybrid modelling strategy solved in the 94 

time domain to meet these objectives. The two main modelling steps are shown in Fig. 1: 95 

Vehicle−track sub-model: Calculates the wheel/rail force using vertical vehicle−track coupled dynamics 96 

theory. A detailed model is developed for vertical interactions between railway vehicles and tracks. The moving 97 

vehicle is modelled as a multi-body system with ten DOF's; the track substructure is simulated as an infinite Euler 98 

beam supported on an elastic foundation consisting of the three layers: rail, track slab, and concrete base. The 99 

vehicle and the track subsystems are coupled through wheel/rail interaction described using Hertzian non-linear 100 

elastic contact theory. Random track irregularities are employed as system excitations via a time−frequency 101 

transformation technique. 102 

Track−ground sub-model: Calculates the dynamic response of the track−subgrade system using FEM in 103 

the time domain. A 3D FE model is developed considering nonlinear material properties, track geometry, and 104 

structural discontinuities. It is used to compute the subgrade's dynamic stress, deflection, and acceleration. 105 

Nonreflective boundary conditions facilitate wave propagation towards the far-field area and prevent outward 106 

propagating waves from reflecting into the domain of interest. The wheel/rail forces calculated from 107 

Vehicle−track sub−model are inputs for the 3D FE track−ground sub−model. 108 



 

 

 109 

Figure 1. Model overview 110 

2.2 Vertical vehicle−track coupled dynamics 111 

2.2.1 Dynamic equations of motion 112 

A vehicle−track vertically coupled dynamics model incorporating subgrade support is established to 113 

characterize the dynamic interactions between the vehicle, slab track structure, and foundation (subgrade), as 114 

shown in Fig. 2. 115 

 116 

Figure 2. Vertical vehicle−track sub−model considering the subgrade 117 



 

 

The vehicle consists of one car body, two bogie frames, and four wheelsets in a four-axle mass-spring-118 

damper system. The primary and secondary suspensions characterized by spring-damping elements are 119 

employed to connect the structural components. The bogie frames and car body have two degrees of freedom 120 

(DOFs), which means vertical and pitch motions are considered. The wheelsets only have one DOF for vertical 121 

motion. The dynamic equation of the vehicle−track interaction model is derived in submatrix form as [23,55]: 122 

 
V V V V VV V

T T T T TT T

M 0 C 0 K 0 X FX X
=

0 M 0 C 0 K X FX X

            
             

            
 (1) 123 

where the subscripts ‘V’ and ‘T’ refer to the vehicle sub-system and track sub-system, respectively; [M], [K] and 124 

[C] are the system matrices for mass, stiffness, and damping, respectively; {F} and {X} are the system force and 125 

displacement sub-vectors, respectively. Nonlinear contact force is considered for the wheel/rail interactions. 126 

Rail fasteners discretely support a finite-length Bernoulli-Euler beam that represents the rail. Following the 127 

Ritz method, the equation for dynamic rail motion can be expressed as [23,55]: 128 
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 (2) 129 

where the subscript 'k' refers to the fastener; q (t) denotes the generalized coordinate for the vertical motion of the 130 

rail; EIY denotes the rail bending stiffness to the Y-axle; Zr (x, t) is the vibration displacement of rail; xwj and xi are 131 

the position coordinates of the jth wheelset and i 
th fastener point, respectively; P is the wheel/rail contact force; Frs 132 

is the fastener force; N denotes the total number of rail fasteners; and NM represents the order number of the rail 133 

vibration mode. 134 

The track slab is modelled as a simply supported Euler‒Bernoulli beam on a concrete base, which is in turn 135 

supported by a nonlinear viscoelastic foundation. Following the Ritz method, the equations of dynamic motion 136 

for the track slab and concrete base are given as [23,55]: 137 
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 (4) 139 

where 𝑋𝑛(𝑥) is the mode function of the slab with x coordinates; βn is the frequency coefficient corresponding 140 

to 𝑋𝑛(𝑥); 𝑇𝑛(𝑡) is the generalized coordinate concerning time t; NMS and NMB are the mode numbers 𝑋𝑛(𝑥) 141 

for the slab and concrete base models respectively; Zs (x, t) and Zb (x, t) are the vibration displacement of track 142 

slab and concrete base, respectively; EsIs and EbIb are the slab and base bending stiffness respectively; ms and mb 143 

denote the track slab and concrete base mass respectively; kf and cf are the stiffness and damping of the cement 144 

asphalt mortar layer between the track slab and base respectively; ks and cs are the stiffness and damping of 145 

subgrade support respectively; Ls and Lb are the slab and base length respectively; and n0 is the total number of 146 

rail fasteners mounted on a single slab. 147 

2.2.2 Vertical wheel/rail interaction 148 

The vertical wheel/rail contact force determines the wheel/rail dynamic interaction. The derivation of the 149 

Hertzian nonlinear contact theory leads to: 150 
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 (5) 151 

where Gwr is the constant concerning the wheel/rail contact condition and δZj(t) is the compression at the jth 152 

contact point, which is solved using the vertical track irregularity and the wheel and rail displacements. 153 



 

 

2.2.3 Random track irregularities 154 

Vehicle−track vibrations are primarily excited by the irregular surfaces of wheels and rails. Two main types 155 

of geometric irregularities exist: 1) specific irregularities, such as the wheel flat, out-of-round wheel, dipped rail 156 

joint, and rail corrugation, and 2) random irregularities, such as the roughness on the surfaces of wheels and rails, 157 

which influence wheel–rail rolling noise and track geometry. Random track irregularities are inherent on all 158 

railway lines and influence the dynamic performance of vehicle and track. This paper focuses on excitations due 159 

to random track irregularities. 160 

Random track irregularities can be described using power spectral density (PSD) as a function of spatial 161 

frequency, of which there are various formulations. The formulation used in this work is based on TB/T 3352-162 

2014 (National Railway Administration of PRC), which divides the track into different classes to quantify track 163 

unevenness [56]. To input the track spectrum into the vehicle–track system, the PSD function is transformed into 164 

a rail geometry varying with the track’s longitudinal distance (or in the time domain) through a time–frequency 165 

transformation technique [57]. 166 

2.3 FE Model 167 

A three-dimensional dynamic finite element model of a track structure was built using the commercial 168 

software ABAQUS (version 2018) to perform comprehensive analyses of substructure mechanical behaviours 169 

in a ballastless track system (CRTS III) under train loading. The train forces were calculated using the coupled 170 

dynamics model in the previous computation step and then introduced into the FE model as an excitation. 171 

2.3.1 General description 172 

The ballastless track under consideration was the CRTS III slab track system [16], as shown in Fig. 3. It 173 

comprised UIC60 rail, WJ-8B fasteners, P5600 track slab, self-compacting concrete, concrete base, and subgrade. 174 

The steel rail is modelled as a 2-node linear beam and the fasteners were deployed at a spacing of 0.63 m [58]. 175 

The standard CRTS III P5600 track slab measured 5.6 m in length, 2.5 m in width, and 0.2 m in thickness. The 176 



 

 

self-compacting concrete layer has the same dimensions as the track slab and is 0.1 meters thick. The concrete 177 

base dimensions are 17.0 m long, 3.1 m wide, and 0.3 m thick. The ballastless track system has expansion joints 178 

between the slab and concrete base, and the expansion joints are 70 mm wide for the slab and 20 mm wide for 179 

the base. As shown in Fig. 3b, a single concrete base supports three track slabs. From the top down, the asphaltic 180 

track foundation consists of the ASL, asphaltic upper roadbed (AUR), asphaltic lower roadbed (ALR), and 181 

embankment. Note that the total thickness of ASL and AUR is 0.4 m, while the UR thickness is 0.4 m in 182 

conventional track foundations [16]. The thicknesses of the ALR and embankment are 2.3 m and 3.0 m, 183 

respectively. The subgrade slope gradient was 1:1.5. 184 

 185 

 186 

Figure 3. Components of the CRTS III ballastless slab track with expansion joints: (a) cross-section; (b) side 187 

view 188 

The developed FE model (Fig. 4) shows four concrete bases totaling 68.04 m. The framework improves 189 

computational efficiency by taking the symmetrical half of the slab track system. CARTESIAN connectors 190 



 

 

simulate fasteners with a vertical dynamic stiffness of 40 kN/mm and damping of 50 kN·s·m−1. The track slab 191 

and self-compacting concrete layer are merged into a composite structure by deploying a reinforcing mesh and 192 

two rows of door-type modules [59]. A tie constraint is adopted between the track slab and self-compacting 193 

concrete layers. In this instance, the tie constraint means that no relative displacement occurs between the two 194 

contact surfaces. The self-compacting concrete layer and concrete base are in contact with a coefficient of friction 195 

of 0.7 [60]. Because of the low roadbed stiffness and small surface dynamic deformation, a tie constraint is 196 

applied to the concrete base and formation. Non-reflective boundary conditions are employed to facilitate wave 197 

propagation towards the far-field and prevent the outward propagating waves from reflecting into the 198 

computational domain [61]. 199 

  200 



 

 

 201 

Figure 4. Three-dimensional FE model of the track−subgrade system: (a) general view; (b) elevation view 202 

2.3.2 Moving traffic loads 203 

A double-axle load pattern is used in the loading phase to ensure consistency between the two modelling 204 

techniques (Fig. 5). Similar to the coupled dynamics model, the passage of one car is considered in the dynamic 205 

FE analysis, corresponding to two bogies and four axles. The wheel/rail contact forces derived from the previous 206 

coupled dynamics steps are automatically submitted to a user subroutine DLOAD in ABAQUS, which exerts 207 

the concentrated moving force on the rail top based on its spatiotemporal distributions. 208 

 209 

Figure 5. Configuration of moving train loads as inputs in FE analysis 210 

The implementation steps of the dynamic simulation model are displayed in Fig. 6, where the two 211 



 

 

subsystems are sequentially coupled. The vehicle-track coupled model is used as a first step: it provides the time 212 

history of the wheel/rail forces exerted on the rail, which is, in turn, used as inputs in a 3D FE model of the track 213 

foundation. The complete process is performed in the time domain. 214 

 215 

Figure 6. Flowchart for the two-step modelling framework 216 

3. Validation 217 

The following describes two validations used to assess model accuracy. First, the dynamic stress on the 218 

subgrade surface of a base model (0 cm thick ASL) is validated by comparing the calculation results against that 219 

from Green's function. Then, the deflection and acceleration on the ASL surface are validated using measurement 220 

data from in-situ tests performed on the Zhengzhou–Xuzhou line in China. 221 

3.1 Validation 1: Analytical solution without ASL 222 



 

 

The two-step modelling framework was validated by comparing the calculation results against those 223 

computed using an alternative Green's function solution approach [62,63]. This alternative approach also divided 224 

the vehicle−track−subgrade system into two subsystems: the vehicle−rail subsystem and the slab−subgrade 225 

subsystem, which were coupled through fastener connections.  226 

To perform the comparison, the CRH2 Electric Multiple Unit running at 300 km/h was considered 227 

(Appendix A). Table 1 lists the primary parameters for the ballastless track system. The total length of the rail 228 

infrastructure model is 306.18 m, and the vehicle runs a maximum distance of 200 m. The first 263 modes of 229 

vibration are used for the rail, track slab, and base, resulting in 789 DOFs in the track model. 230 

Table 1. Calculation parameters for the CRTS III slab track 231 

Components Parameters Symbols Units Values 

Rail 

Elastic modulus Er N⋅m-2 2.1×1011 

Area moment Ir m4 3.09×10-5 

Mass per unit length mr Kg⋅m-1 60.8 

Fastener 

Stiffness Kp N⋅m-1 2.5×107 

Damping Cp N⋅ s ⋅m-1 3.625×104 

Spacing ls m 0.63 

Track slab 

Length Ls m 5.6 

Width Bs m 2.5 

Height Hs m 0.3 

Density ρs Kg⋅m-3 2,600 

Concrete base 

Length Lb m 16.99 

Width Bb m 3.1 

Height Hb m 0.3 

Density ρb Kg⋅m-3 2,500 

Self-compacting concrete 
Stiffness per unit length ksc N⋅m-2 1.25×109 

Damping per unit length csc N⋅s⋅m-2 8.3×104 

Subgrade 
Stiffness per unit length kf N⋅m-2 1.7×108 

Damping per unit length cf N⋅s⋅m-2 1.5×105 

According to the power spectral density (PSD) of track irregularities of HSRs specified in TB/T 3352-2014 232 

[56], the PSD function of the ballastless track spectrum of HSRs is piecewise fitted with a power function: 233 
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S f
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  (11) 234 

where S(f) is the PSD of track irregularities, as shown in Fig. 7; f is the spatial frequency; and A and k are the fit 235 

coefficients, as shown in Table 2. 236 

Table 2. Values of A and k for the vertical ballastless track spectrum 237 

Type A k 
The first segment 1.0544×10-5 3.3891 

The second segment 3.5588×10-3 1.9271 

The third segment 1.9784×10-2 1.3643 

The fourth segment 3.9488×10-4 3.4516 

 238 

Figure 7. PSD of vertical ballastless track irregularities 239 

The samples of time-domain track irregularities are generated using the inverse Fourier transform method. 240 

The wavelength range of the simulation is from 1 to 200 m, and Fig. 8 displays the profile of the generated 241 

moderate track irregularities. 242 
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 243 

Figure 8. Profile of random track irregularities 244 

The dynamic responses of the slab track structure are obtained based on the vehicle−track vertically coupled 245 

dynamics model with random vertical track irregularities. At a speed of 300 km/h, the calculated wheel/rail 246 

contact forces considering track irregularity are shown in Fig. 9. 247 

 248 

Figure 9. Longitudinal distribution of the wheel/rail contact force (static wheel load =75 kN, running speed 249 

= 300 km/h) 250 

Table 3 summarizes the material properties of the track components and formation layers, where the fills 251 

are classified per TB10621-2014 [16]. The constitutive relations of the rail, track slab, self-compacting concrete, 252 

and concrete base are described using linear elastic models. According to TB10621-2014, the subgrade reaction 253 

modulus (K30) values for each layer are 190, 150, and 130 MPa/m. A linear elastic−perfectly plastic model 254 

describes the subgrade soil with the Mohr−Coulomb failure criterion, and its elastic modulus is determined per 255 



 

 

the reported methods [64,65]. 256 

Table 3. Material properties of the FE track−subgrade model 257 

Component Material Bulk Density 
(kg/m3) 

Modulus 
(MPa) Poisson's ratio 

Damping 
ratio 

Friction angle 
(°) 

Cohesion 
(kPa) 

Rail Steel 7,830 210,000 0.300 0.01 / / 

Track slab C60 concrete 2,600 36,000 0.167 0.03 / / 
Self-compacting 

concrete 
C40 concrete 2,500 32,500 0.167 0.03 / / 

Concrete base C40 concrete 2,500 32,500 0.167 0.03 / / 

Upper roadbed Graded gravel 2,100 228.9 0.300 0.08 28 32 

Lower roadbed 
Class A/B fill 

(coarse) 2,050 186.0 0.350 0.07 25 26 

Embankment Class A/B/C fill 2,000 163.5 0.400 0.10 22 25 

As shown in Fig. 10, the time histories of the monitored surface stress by the two approaches are comparable. 258 

The monitoring point on the roadbed surface shows peak dynamic stresses of 13.8 kPa and 14.1 kPa for the 259 

proposed model and Green's function, respectively. Their peak stress difference is less than 2.2%, confirming the 260 

model accuracy in such circumstances. 261 

 262 

Figure 10. Comparison of dynamic stresses from the proposed model and Green's function 263 

3.2 Validation 2: ASL field tests 264 

After performing a numerical validation, a validation using field tests was performed. To do so 265 

measurement data was recorded on a test section of the Zhengzhou–Xuzhou railway line (CRTS III). ASL was 266 

experimentally applied and has been in operation since 2016. The slab track structure incorporates a 0.1 m thick 267 



 

 

ASL overlying the upper roadbed [54]. Fig. 11 shows the photos taken from the test section. In the construction 268 

process, a monitoring system consisting of sensors, power supply systems, and a data acquisition unit were 269 

installed in the test section to monitor the dynamic performance of ASL during operation. 270 

 271 

Figure 11. Site photos of the instrumented rail line [66]: (a) asphaltic support layer; (b) integrated monitoring 272 

systems near the shoulder 273 

Regarding numerical simulation, the track response due to the passage of a CRH380 train was considered, 274 

running at 350 km/h, and with an axle load of 170 kN (Appendix A). The primary parameters for the CRTS III 275 

track system are the same as in Table 1 with track irregularity.  276 

Asphalt concrete is a viscoelastic material whose dynamic behaviour is influenced by temperature and 277 

loading frequency [67,68]. Therefore, the asphalt concrete model is carefully described in this study, given its 278 

constitutive relation to the dynamic FE analysis. The viscoelasticity of asphalt concrete is characterized using the 279 

generalized Maxwell model in the form of the Prony series [69], whose coefficients were determined by 280 

extracting and testing in-situ samples: 281 

1) Cores of asphalt concrete were drilled from test sections on the test railway line and subjected to dynamic 282 

modulus testing using universal testing apparatus; 283 

2) The master curve of the dynamic modulus was fitted using the Williams–Landel–Ferry Equation [70] 284 

via the time‒temperature superposition principle (Fig. 12); 285 

3) The relaxation modulus was determined from the fitted master curves [71]. The least squares method 286 



 

 

was then used to calculate the Prony series coefficients [69]. 287 

 288 

Figure 12. Master curve of asphalt concrete dynamic modulus [72] 289 

Table 4 lists the coefficients of an eleventh-order Prony series for characterizing the constitutive relation of 290 

the asphalt concrete. These coefficients were directly imported into ABAQUS to simulate the dynamic behaviour 291 

of asphalt concrete. The fitting equation introduces a shift factor (𝑎𝑇) to relate strains at different temperatures. 292 

The shift factor is calculated by: 293 

 Log 𝑎T = −𝐶1(𝑇−𝑇ref)𝐶2+(𝑇−𝑇ref) (6) 294 

where log is the decadic logarithm, 𝑇ref  is the reference temperature, and C1 and C2 are positive constants 295 

dependent upon the 𝑇ref and material properties. 296 

Table 4. Prony series coefficients for the asphalt concrete (𝑇ref = 20 ℃) [72,73] 297 

Serial number i Relaxation time τi (s) Prony series gi Serial number i Relaxation time τi (s) Prony series gi 

1 0.000 001 0.031 92 7 1 0.146 179 

2 0.000 01 0.055 066 8 10 0.068 084 

3 0.000 1 0.094 570 9 100 0.025 889 

4 0.001 0.148 209 10 1,000 0.008 865 

5 0.01 0.203 485 11 10,000 0.005 084 

6 0.1 0.212 089    

C1 11.7 

C2 91.2 



 

 

Fig. 13 compares the field observations with simulation results of train-induced accelerations and 298 

displacements at the surface of the ASL. 299 

 300 

 301 

Figure 13. Field measurements and simulation results on top of ASL with varying operating speeds, (a) 302 

accelerations, and (b) displacements 303 

A relatively linear best-fit relationship can be observed in Fig. 13 between the acceleration levels and the 304 

running speed. In contrast, the speed has limited influence on the displacement of the upper ASL surface. Across 305 

the speed levels, the measured displacements are scattered, ranging from 0.10 mm to 0.17 mm; while the 306 

variations in simulated values with operating speed are less significant, ranging from 0.115 mm to 0.125 mm. 307 

The simulated values always fall within the range of in-situ measurements, suggesting that the simulation is 308 



 

 

consistent with field observations. Considering the simulation models' performances in the two scenarios, it is 309 

possible to conclude that the two-step modelling framework is practical for studying the dynamic responses of 310 

ASL in slab track systems. 311 

4. Results and analysis 312 

Based on the validated two-step modelling approach, the dynamic behaviour of ASL's under moving train 313 

loads is simulated and assessed to reveal the material's role in the vibration and mechanical responses of slab 314 

track systems. Three representative positions (A, B, and C) are selected to evaluate the longitudinal structural 315 

discontinuities of slab tracks, as shown in Fig. 14. Considering a CRH380 vehicle running on the CRTS III slab 316 

track system, the model is developed with different ASL thicknesses: 0, 0.05, 0.07, 0.10, and 0.15 m. The ambient 317 

temperature is set to 20 ℃, and a train speed of 400 km/h and axle load of 170 kN are considered for all models. 318 

To understand ASL behaviour, dynamic stresses and displacements are considered because they are critical 319 

design indexes for the subgrade. Accelerations are studied because they are related to ride comfort, while tensile 320 

and vertical strains are studied due to their relationship with asphalt concrete durability. 321 



 

 

 322 

Figure 14. Three representative slab joint positions 323 

4.1 Dynamic stresses 324 

The ASL and base models exhibit a similar transverse stress distribution pattern, regardless whether the 325 

double-axle load is imposed on continuous (position A) or discontinuous (position B and position C) locations. 326 

From the symmetrical axis of structures to the slab edge, the train-induced stress is uniformly distributed in the 327 

transverse direction, consistent with field observations and previous findings [74,75], while a stress concentration 328 

occurs at the edges of concrete base. According to the approach in Ref. [76], the mean stress in each section can 329 

be calculated by the effective area and stress distribution on it. Taking a 0.05 m thick ASL as an example, Fig. 330 

15 shows the dynamic stress histories at points A, B, and C on the ASL surface, while the stresses on the AUR 331 

surface are displayed in Fig. 16. Due to their similar pattern, only the average dynamics stress across the three 332 

lateral locations are shown in Fig. 16. 333 



 

 

334 

 335 

 336 



 

 

 337 

Figure 15. Stress time histories on the upper surface of ASL: (a) position A; (b) position B; (c) position C; 338 

(d) averaged dynamic stress across three lateral locations (ASL thickness = 0.05 m) 339 

 340 

Figure 16. Stress time histories on the surface of the upper roadbed (ASL thickness = 0.05 m) 341 

Comparing the stress response at the ASL and AUR surfaces, the variations in stress levels across different 342 

loading points have a similar pattern. The induced stress peaks are largest at point C, followed by points B and 343 

A. Note that the stress difference between points A and B is minimal, while the stress peaks at point C are 344 

substantially higher than at the other locations. The presence of expansion joints reduces the track structure 345 

stiffness, resulting in a stress concentration below the longitudinal discontinuities. The expansion joints between 346 

adjacent concrete bases contribute more to the surface stress than those between track slabs. 347 

The calculated stress peaks on ASL, AUR and ALR, accounting for the layer thickness and loading 348 

positions, are listed in Table 5.  349 



 

 

Table 5. Dynamic stress peaks on the surface of ASL, AUR, and ALR 350 

Thickness of 
ASL (m) 

Stress on surface of ASL (kPa) Stress on surface of AUR (kPa) Stress on surface of ALR (kPa) 
Position 

A 

Position 
B 

Position 
C 

Position 
A 

Position 
B 

Position 
C 

Position 
A 

Position 
B 

Position 
C 

0 / / / 16.14 17.05 33.40 13.90 14.01 18.42 

0.05 22.17 23.75 49.67 13.94 14.48 28.48 13.30  13.36  17.36  
0.07 24.25 25.66 54.91 13.82 14.29 26.63 13.09  13.12  17.14  
0.10 28.62 29.02 63.86 13.52 13.89 23.98 12.77 12.76 16.79 

0.15 30.74 33.98 70.12 12.51 12.70 21.98 12.15 12.11 15.92 

Increasing the thickness of ASL decreases the corresponding stress peak on the surface of AUR and ALR. 351 

While the peak stress levels on the surface of the subgrade with ASL are higher than those of the base model (no 352 

ASL), the peak stress levels increase with the increasing thickness of ASL. As the modulus of asphalt concrete 353 

is higher than that of graded gravel, the stiffness of the ASL is greater than that of upper roadbed, leading to 354 

higher stress on the surface of the subgrade. In the same way, the bending stiffness of ASL increases with 355 

increasing ASL thickness, leading to higher stress levels. 356 

4.2 Deflections of roadbed surface 357 

Fig. 17 shows the dynamic displacement time histories on top of a 0.05 m thick ASL at the three different 358 

monitoring positions. The minimum displacement occurs at position A, slightly lower than the peak at position 359 

B. In contrast, the maximum displacement occurs at position C, which is significantly higher than the former two. 360 

The displacement patterns are comparable to those observed for the dynamic stress time histories across different 361 

positions. 362 

 363 

Figure 17. Deformation time histories of three longitudinal positions (ASL thickness = 0.05 m) 364 



 

 

The peak dynamic displacement on the ASL surface against the ASL thickness is provided in Table 6. 365 

Table 6. Dynamic displacement on the surface of ASL 366 

Thickness of ASL (m) Displacement on surface of ASL (mm) 
Position A Position B Position C 

0 0.139 0.142 0.173 

0.05 0.136 0.139 0.164 

0.07 0.134 0.136 0.162 

0.10 0.132 0.133 0.159 

0.15 0.124 0.125 0.149 

The displacement peak occurs at position C for a specific ASL thickness, and an insignificant difference is 367 

observed between positions A and B. Under longitudinal discontinuities, the calculated maximum displacements 368 

satisfy the specification requirements (0. 22 m in slab tracks) suggested in [16]. As the thickness of ASL increases, 369 

all displacement peaks across different longitudinal locations decrease. 370 

4.3 Accelerations 371 

Fig. 18 plots the acceleration time histories on the surface of the 0.05 m thick ASL and AUR, in which the 372 

acceleration responses are compared between three positions. At each specific longitudinal location, the 373 

acceleration responses (magnitude and phase) on the two structural layers of the asphaltic track system are similar. 374 

Considering the different locations, the maximum acceleration magnitude occurs at position A, followed by 375 

positions B and C. The maximum acceleration amplitude is observed in the continuous part of the structure 376 

(position A). 377 

 378 



 

 

 379 

 380 

Figure 18. Acceleration time histories of ASL and AUR underneath three longitudinal positions: (a) 381 

position A, (b) position B, (c) position C (ASL thickness = 0.05 m) 382 

The relationship between vertical acceleration amplitudes and ASL thickness are presented in Table 7, 383 

considering the longitudinal positions and base model. In asphaltic track systems, the trends at three positions are 384 

similar and manifest as acceleration amplitude decreasing with increasing ASL thickness. The introduction of 385 

ASL decreases the acceleration amplitude on the roadbed surface compared to the base model, which 386 

demonstrates the vibration damping effect of the reinforced track structure. 387 

Table 7. Acceleration on the surface of ASL 388 

Thickness of ASL (m) Acceleration on surface of ASL (m/s2) 



 

 

Position A Position B Position C 

0 1.025  0.882  0.816  
0.05 0.960  0.840  0.729  
0.07 0.955  0.833  0.723  
0.10 0.938  0.818  0.702  
0.15 0.895  0.785  0.644  

4.4 Tensile and vertical strains within ASL 389 

The longitudinal and transverse tensile strains at the bottom of the 0.05 m thick ASL are displayed in Fig. 390 

19. The lateral tensile strain remains positive during the loading−unloading phase, indicating that the asphalt 391 

concrete is constantly subjected to tensile loads in the lateral direction as one vehicle travels through. During the 392 

passage of the double-axle load, the longitudinal tensile strain varies from a negative value to a positive value. 393 

Unlike the lateral response, the bottom of asphalt concrete experiences compression and tension; each strain peak 394 

identified from the time history curves corresponds to the centre of one bogie (x-axis: time domain to the spatial 395 

location). 396 

 397 

 398 



 

 

 399 

Figure 19. Lateral and longitudinal tensile strain at the bottom of ASL: (a) position A, (b) position B, (c) 400 

position C (ASL thickness = 0.05 m) 401 

Table 8 demonstrates the variation in lateral and longitudinal tensile strains with ASL thickness, in which 402 

the strain responses between the three locations are compared. Under the same thickness, lateral and longitudinal 403 

tensile strains are at a minimum at position A, while they are at a maximum at position C. The expansion joints 404 

located between the concrete bases result in a marked increase in the tensile strains at the ASL base. At position 405 

C, the longitudinal tensile strain is significantly higher than the lateral tensile strain. When assessing the impact 406 

of layer thickness on the strain response, one observes that the tensile strain decreases with increasing ASL 407 

thickness in the lateral direction. At the same time, it increases with an increasing layer thickness in the 408 

longitudinal direction. The thickness effect is more significant on the strain response at position C than at positions 409 

A and B. Since the longitudinal tensile strain is critical to ASL fatigue life (serviceability), increasing the ASL 410 

thickness is not conducive to asphalt durability. 411 

Table 8. Tensile strains on the surface on the bottom of ASL 412 

Thickness of 
ASL (m) 

 Lateral tensile strains on surface of ASL Longitudinal tensile strains on surface of ASL 

Position A Position B Position C Position A Position B Position C 

0.05 8.06×10-6 8.07×10-6 8.72×10-6 4.88×10-6 7.44×10-6 1.87×10-5 

0.07 7.81×10-6 7.82×10-6 8.43×10-6 5.11×10-6 7.57×10-6 2.14×10-5 

0.10 7.49×10-6 7.52×10-6 8.2×10-6 5.38×10-6 7.64×10-6 2.32×10-5 

0.15 7.02×10-6 7.06×10-6 7.83×10-6 6.11×10-6 7.76×10-6 2.57×10-5 

For an ASL thickness of 0.05 m, Fig. 20 shows the time histories of vertical strains on top of AUR and 413 

ALR, in which the responses between the three positions are compared. Table 9 compares the vertical strain on 414 



 

 

top of AUR and ALR under various ASL thicknesses. The maximum vertical strain occurs at position C. On top 415 

of AUR and ALR, the vertical strains decrease with thicker ASL, suggesting that the use of ASL reduces the 416 

strain levels in the roadbeds, especially in the upper layer. 417 

 418 

 419 

 420 



 

 

Figure 20. Vertical strain on the surface of the upper and lower roadbeds: (a) position A, (b) position B, (c) 421 

position C (ASL thickness = 0.05 m) 422 

Table 9. Vertical strains on the surface of AUR and ALR 423 

Thickness of 
ASL (m) 

Vertical strains on surface of AUR Vertical strains on surface of ALR 

Position A Position B Position C Position A Position B Position C 

0 -9.38×10-5 -9.66×10-5 -1.72×10-4 -6.20×10-5 -6.24×10-5 -7.95×10-5 

0.05 -7.11×10-5 -7.25×10-5 -1.22×10-4 -6.04×10-5 -6.08×10-5 -7.85×10-5 

0.07 -6.63×10-5 -6.75×10-5 -1.12E×10-4 -6.02×10-5 -6.05×10-5 -7.84×10-5 

0.10 -6.09×10-5 -6.17×10-5 -9.86×10-5 -5.93×10-5 -5.93×10-5 -7.74×10-5 

0.15 -5.43×10-5 -5.48×10-5 -9.14×10-5 -5.55×10-5 -5.57×10-5 -7.26×10-5 

5. Design considerations for ASL 424 

5.1 Asphalt concrete durability 425 

According to the design method proposed by the Asphalt Institute [77], the horizontal tensile strain (εr) at 426 

the base of the ASL and the compressional strain (εz) on the surface of the gravel roadbed (AUR) are indicators 427 

for evaluating the asphalt's fatigue cracking potential and the capacity to resist permanent deformation. 428 

Although both indicators are commonly used in asphalt pavement design, the stress paths induced under 429 

moving train loads differ from highway environments. For example, considering highway structures, the asphalt 430 

pavement carries the tire load directly, while for railways the train load is distributed through the rails, sleeper, 431 

and track superstructure before reaching the ASL surface. Therefore, the multilayered elastic theory commonly 432 

used in pavement design does not apply for calculating the tensile strains at the surface of the ASL, or the 433 

compressional strains at the surface of the railway AUR. To overcome this, this study obtains the strain level of 434 

ASL under moving train loads through FE track-ground modelling, based on which fatigue cracking and 435 

permanent deformation are checked. It should be noted that asphalt trackbed mix design is typically similar to 436 

that for highway asphalt pavements. Therefore although the strain parameters of ASL are calculated by the FE 437 

method, a highway pavement approach is used for evaluating the durability of ASL. 438 

The primary goal of examining asphalt fatigue is to ensure the number of loadings during its service life 439 

doesn’t exceeded the allowable number of loadings concerning fatigue damage, which is governed by the tensile 440 



 

 

strain at the base of ASL. An empirical formula is proposed [77] for the fatigue testing of asphalt concrete: 441 

 𝑁𝑎 = 18.4 × 𝐶 × 6.167 × 10−5𝜀𝑟−3.291𝐸𝐴−0.854 (8) 442 

where Na is the number of load applications required by fatigue damage; εr is the maximum tensile strain at the 443 

base of ASL; EA is the elastic modulus of asphalt concrete (MPa); and C is a constant related to the voids filled 444 

with asphalt (VFA), determined by: 445 

 𝐶 = 104.84(VFA−0.6875) (9) 446 

The value of VFA can be prescribed using the Marshall mix design method: 65% - 75% for heavy traffic 447 

(equivalent number of standard axles > 106), 65% - 78% for medium traffic (equivalent number of standard axles 448 

between 104 and 106), and 70% - 80% for light traffic (equivalent number of standard axles < 104). 449 

Local deformation governs the structural deformation of ASL, meaning vertical strains should be controlled 450 

within a permissible range to prevent cracks developing. According to the experimental data provided by the 451 

American Association of State Highway Officials (AASHO), the number of loadings concerning allowable 452 

permanent deformation (𝑁𝑠) is calculated by: 453 

 𝑁𝑠 = 1.365 × 10−9𝜀𝑧−4.477 (10) 454 

where εz is the compressional strain on top of AUR. ASL of rail infrastructure is underlain by AUR, comparable 455 

to the base and subbase layers of a road pavement structure. Note that because the surface layer of an asphalt 456 

pavement carries vehicle loads directly, the strength of base and subbase materials is generally higher than that 457 

of AUR and ALR. To control the permanent deformation of ASL, it is recommended that two indicators are 458 

used: the compressional strain on the AUR surface (εzu) and the compression strain on the ALR surface (εzl). 459 

The elastic modulus of asphalt concrete is influenced by ambient temperature, meaning the degree of fatigue 460 

damage can be estimated by summing it over a desired number of seasons. As an illustration, the ambient 461 

temperature is assumed as 20 ℃ for spring and autumn, 5 ℃ for winter, and 40 ℃ for summer to set the thermal 462 

conditions in FE submodels. To satisfy the durability requirements, the cumulative degree of fatigue damage and 463 



 

 

degree of deformation-induced damage over the design service life should be less than 1.0. The values of ma and 464 

ms are obtained by: 465 
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where ma and mai are the degrees of fatigue damage per year and season respectively; ms and msi are the degree of 468 

deformation-induced damage per year and season respectively; subscript i = 1, 2, 3, and 4, corresponding to four 469 

seasons in one year; Ni is the number of bogie passages in each season; and Nai and Nsi are the allowable numbers 470 

of bogie passages defined for each season, related to the fatigue and deformation-induced damage respectively. 471 

Nai and Nsi are fixed values if the design service life has been determined. The calculated durability indexes of 472 

asphalt material for different ASL thicknesses (0.05, 0.07, 0.10, 0.15 m) are provided in Appendix B. 473 

Assuming a 100-year service life for slab tracks and an annual loading of 1 million cycles, the cumulative 474 

fatigue and deformation-induced damage for all ASL thicknesses is less than 1.0. This indicates that the long-475 

term durability of ASL satisfies serviceability requirements. For the increased thicknesses, the stresses on the 476 

AUR and ALR surfaces decrease, which is beneficial to the deformation-related durability (cumulative degree 477 

decreases from 0.319 to 0.123). Alternatively, the tensile strain at the base of the ASL increases with increasing 478 

thickness, resulting in elevated fatigue risk (cumulative degree increases from 0.196 to 0.622). 479 

5.2 Roadbed design 480 

It’s good practice that cumulative plastic deformation should not develop in the slab track roadbeds of 481 

railway lines [78], and the strains should not exceed the threshold defined in specifications [16]. In the case of 482 

upper and lower roadbeds, the relationship between the elastic threshold ([ε]) for coarse fills and the K30 (MPa/m) 483 

value can be expressed as [65]: 484 

 [𝜀] = 0.28𝐾30 + 107 (12) 485 

where K30 is modulus of subgrade reaction (MPa/m); ε is strain for coarse fills (10-6); [ε] means the elastic 486 



 

 

threshold (10-6) for coarse fills corresponds to a certain value of K30. According to the K30 plate load test, the 487 

elastic modulus of coarse fills can be obtained by [78,79]: 488 

 𝐸 = 0.225𝐾30𝛽 (13) 489 

where 𝛽 is the correction factor (m), which can be determined using established approaches [78,79]. Given a 490 

specific value of K30, the threshold strain and stress can be calculated for coarse fills, and the results are 491 

summarized in Table 10. 492 

Table 10. Threshold stress of coarse fills in roadbeds varying with K30 values 493 

K30 (MPa/m) Elastic modulus (MPa) Threshold strain (×10-6) Threshold stress (kPa) 
190 228.72 160.2 36.64 

180 218.23 157.4 34.35 

170 207.59 154.6 32.09 

160 196.80 151.8 29.87 

150 185.85 149 27.69 

140 174.73 146.2 25.55 

130 163.46 143.4 23.44 

120 152.01 140.6 21.37 

110 140.39 137.8 19.35 

100 128.60 135 17.36 

90 116.62 132.2 15.42 

Based on the simulation results of AUR and ALR, the worst-case scenario of additional stress at different 494 

positions is likely to be directly below the expansion joints between adjacent concrete bases (position C). 495 

Combining the relationship between threshold stress and K30 (Table 10) with the ASL thickness−stress relation 496 

(Table 5, position C), it is possible to back-calculate the threshold [K30], with varying ASL thickness, as shown 497 

in Fig. 21 (linear interpolation is used between discrete data points). 498 
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Figure 21. Effect of ASL thickness on stress level and back-calculated [K30] of AUR and ALR. 500 

Fig. 21 indicates that increasing the ASL thickness leads to a decrease in the design value of K30 for AUR 501 

and ALR, and the decrease is more prominent for AUR. In conventional slab tracks, [K30] is approximately 176 502 

MPa/m in the upper roadbed and 106 MPa/m in the lower roadbed. As per [16], the design K30 value should be 503 

larger than 190 MPa/m in upper roadbed and 130−150 MPa in LR. If we consider a reduction factor of 0.75 for 504 

fills under immersed conditions (worst-case scenario), the actual K30 may decrease to 142.5 MPa < 176 MPa/m 505 

in upper roadbed [80]. The trial calculations in Fig. 21 reveal that a minimum ASL thickness of 0.07 m is 506 

necessary for preventing cumulative plastic deformation in the AUR if immersed conditions are involved. In 507 

addition, asphalt concrete construction techniques typically require the paving thickness of single layers to be less 508 

than 0.1 m. If the ASL thickness exceeds 0.1 m, double-layer paving technology is usually used, resulting in a 509 

substantial increase in construction costs [72]. Therefore the optimum ASL thickness is likely to lie within 0.07–510 

0.10 m for slab tracks. 511 

6. Conclusions 512 

The application of ASL for slab track systems was studied using a two-step modelling approach validated 513 

using analytical outcomes and field measurements. To investigate slab track dynamics with ASL, track system 514 



 

 

models with different ASL thicknesses were developed and a conventional slab track was used as a base model. 515 

The stresses, deflections, accelerations and strains within both continuous and discontinuous track structures were 516 

analysed. Then the durability of asphalt concrete under seasonal temperature variations was examined and the 517 

optimal design thickness for ASL discussed. 518 

It was found that the application of ASL within slab track systems can improve the mechanical performance 519 

of the supporting foundation. Increasing asphaltic thickness decreases the corresponding stress, deflection, 520 

acceleration, and strain peaks on the surface of the AUR and ALR. While the dynamic stresses on the surface of 521 

ASL and longitudinal tensile strain at the bottom of ASL increase with the increasing ASL thickness, which is 522 

not conductive to the mechanical performance of ASL itself. The reduced track bending stiffness at expansion 523 

joints causes stress concentrations below the longitudinal discontinuities, resulting in stress, deflection, and strain 524 

peaks significantly higher than that at locations positions further away from the joints. 525 

ASLs meet the durability requirements for a 100-year service life considering the thickness range under test: 526 

0.05−0.15 m. As the thickness increases, the maximum compressional strains in the upper and lower roadbeds 527 

decrease, while the longitudinal tensile strain at the base of the ASL increases. Considering plastic deformation 528 

and construction constraints, ASL thicknesses between 0.07 m and 0.10 m appear suitable for slab tracks. Further 529 

investigation of ASL assessments should incorporate the contribution of thermal regimes through coupled 530 

thermomechanical simulations and advanced asphalt concrete constitutive models. 531 
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Appendix A 538 

The calculation parameters for the CRH2 vehicle are provided in Table A1. 539 

Table A1. Calculation parameters for the CRH2 vehicle 540 

Parameters Symbols Units Values 

Car body mass Mc kg 45,600 

Car body pitch moment of inertia Jc kg⋅m2 2.231×106 

Bogie mass Mt kg 3,200 

Bogie pitch moment of inertia Jt kg⋅m2 1,752 

Wheelset mass Mw kg 2,000 

Primary suspension stiffness Kpz N⋅m-1 2.352×106 

Primary suspension damping Cpz N⋅ s ⋅m-1 3.92×104 

Secondary suspension stiffness Ksz N⋅m-1 1.982×106 

Secondary suspension damping Csz N⋅ s ⋅m-1 1.96×104 

Bogie spacing Lc m 17.5 

Wheel distance Lt m 2.5 

Wheel rolling radius Rw m 0.43 

The calculation parameters for the CRH380 vehicle are provided in Table A2. 541 

Table A2. Calculation parameters for the CRH380 vehicle 542 

Parameters Symbols Units Values 

Car body mass + dwt Mc kg 34,934+8,000 

Car body pitch moment of inertia Jc kg⋅m2 1.7118×106 

Bogie mass Mt kg 3,300 

Bogie pitch moment of inertia Jt kg⋅m2 1,807 

Wheelset mass Mw kg 1,780 

Primary suspension stiffness Kpz N⋅m-1 1.176×105 

Primary suspension damping Cpz N⋅ s ⋅m-1 1.0×104 

Secondary suspension stiffness Ksz N⋅m-1 2.4×105 

Secondary suspension damping Csz N⋅ s ⋅m-1 2.0×104 

Bogie spacing Lc m 17.5 

Wheel distance Lt m 2.5 

Design axle load P0 kN 170 

Vehicle length Lv m 25 

Wheel rolling radius Rw m 0.43 

Appendix B 543 



 

 

The calculation results of the durability check for asphalt material under four ASL thicknesses are provided 544 

in Tables B1, B2, B3, and B4, where four seasons are differentiated. εr1 and εr2 are the lateral and longitudinal 545 

tensile strain at the base of ASL, respectively; εr is the horizontal tensile strain, which equals max{εr1, εr2}; Nai is 546 

the allowable number of bogie passages defined for each season related to fatigue damage; mai is the degree of 547 

fatigue damage per season; εzu and εzl are the compression strain on the AUR surface and on the ALR surface, 548 

respectively; εz is the maximum of εzu and εzl; Nai is the allowable number of bogie passages defined for each 549 

season related to deformation-included damage; mai and msi are the degree of fatigue deformation-induced 550 

damage per season, respectively; ma and ms are the degree of fatigue damage and deformation-induced damage 551 

per year, respectively. 552 

Table B1. Essential parameters for durability with ASL thickness of 0.05 m 553 

 Spring Summer Autumn Winter 
εr1 8.72×10−6 1.33×10−5 8.72×10−6 8.40×10−6 

εr2 1.87×10−5 1.91×10−5 1.87×10−5 1.85×10−5 

εr 1.87×10−5 1.91×10−5 1.87×10−5 1.85×10−5 

Nai 5.16×108 4.84×108 5.16×108 5.32×108 

mai 4.85×10−4 5.17×10−4 4.85×10−4 4.70×10−4 

εzu 1.22×10−4 1.54×10−4 1.22×10−4 1.21×10−4 

εzl 7.85×10−5 8.74×10−5 7.85×10−5 7.86×10−5 

εz 1.22×10−4 1.54×10−4 1.22×10−4 1.21×10−4 

Nsi 4.52×108 1.60×108 4.52×108 4.78×108 

msi 5.53×10−4 1.56×10−3 5.53×10−4 5.23×10−4 

ma 0.00196 

ms 0.00319 

Table B2. Essential parameters for durability with ASL thickness of 0.07 m 554 

 Spring Summer Autumn Winter 
εr1 8.43×10−6 1.31×10−5 8.43×10−6 8.04×10−6 

εr2 2.14×10−5 2.28×10−5 2.14×10−5 2.12×10−5 

εr 2.14×10−5 2.28×10−5 2.14×10−5 2.12×10−5 

Nai 3.32×108 2.69×108 3.32×108 3.45×108 

mai 7.53×10−4 9.30×10−4 7.53×10−4 7.25×10−4 

εzu 1.12×10−4 1.46×10−4 1.12×10−4 1.11×10−4 

εzl 7.84×10−5 8.36×10−5 7.84×10−5 7.81×10−5 

εz 1.12×10−4 1.46×10−4 1.12×10−4 1.11×10−4 

Nsi 6.53×108 2.01×108 6.53×108 6.92×108 

msi 3.83×10−4 1.24×10−4 3.83×10−4 3.61×10−4 

ma 0.00316 

ms 0.00237 



 

 

Table B3. Essential parameters for durability with ASL thickness of 0.10 m 555 

 Spring Summer Autumn Winter 
εr1 8.20×10-6 1.24×10-5 8.20×10-6 7.73×10-6 

εr2 2.32×10-5 2.82×10-5 2.32×10-5 2.28×10-5 

εr 2.32×10-5 2.82×10-5 2.32×10-5 2.28×10-5 

Nai 2.56×108 1.34×108 2.56×108 2.70×108 

mai 9.77×10-4 1.87×10-3 9.77×10-4 9.27×10-4 

εzu 9.86×10-5 1.33×10-4 9.86×10-5 9.71×10-5 

εzl 7.74×10−5 8.12×10−5 7.74×10−5 7.69×10−5 

εz 9.86×10−5 1.33×10−4 9.86×10−5 9.71×10−5 

Nsi 1.18×109 3.04×108 1.18×109 1.26×109 

msi 2.12×10−4 8.22×10−4 2.12×10−4 1.99×10−4 

ma 0.00475 

ms 0.00145 

Table B4. Essential parameters for durability with ASL thickness of 0.15 m 556 

 Spring Summer Autumn Winter 
εr1 7.827×10−6 1.15×10−5 7.827×10−6 7.27×10−6 

εr2 2.57×10−5 3.17×10−5 2.57×10−5 2.12×10−5 

εr 2.57×10−5 3.17×10−5 2.57×10−5 2.12×10−5 

Nai 1.81×108 9.14×107 1.81×108 3.43×108 

mai 1.38×10−3 2.73×10−3 1.38×10−3 7.30×10−4 

εzu 9.14×10−5 1.32×10−4 9.14×10−5 8.96×10−5 

εzl 7.26×10−5 7.92×10−5 7.26×10−5 7.15×10−5 

εz 9.14×10−5 1.32×10−4 9.14×10−5 8.96×10−5 

Nsi 1.65×109 3.19×108 1.65×109 1.81×109 

msi 1.51×10−4 7.85×10−4 1.51×10−4 1.38×10−4 

ma 0.00622 

ms 0.00123 

References 557 

[1] Lu C. A discussion on technologies for improving the operational speed of high-speed railway networks. Transp Saf Environ 558 

2019;1:22–36. 559 

[2] Ren J, Deng S, Zhang K, Wei D, Wu Q. Design theories and maintenance technologies of slab tracks for high-speed railways 560 

in China: a review. Transportation Safety and Environment 2021;3. 561 

[3] Feng S-J, Zhang X-L, Wang L, Zheng Q-T, Du F-L, Wang Z-L. In situ experimental study on high speed train induced 562 

ground vibrations with the ballast-less track. Soil Dynamics and Earthquake Engineering 2017;102:195–214. 563 

[4] Shan Y, Zhou S, Wang B, Ho CL. Differential Settlement Prediction of Ballasted Tracks in Bridge–Embankment Transition 564 

Zones. Journal of Geotechnical and Geoenvironmental Engineering 2020;146:04020075. 565 

[5] Luo Q, Wu P, Wang T. Evaluating frost heave susceptibility of well-graded gravel for HSR subgrade based on orthogonal 566 

array testing. Transportation Geotechnics 2019;21:100283. 567 

[6] Wang T, Ma H, Liu J, Luo Q, Wang Q, Zhan Y. Assessing frost heave susceptibility of gravelly soils based on multivariate 568 

adaptive regression splines model. Cold Regions Science and Technology 2021;181:103182. 569 

[7] Wang T, Luo Q, Liu M, Wang L, Qi W. Physical modeling of train-induced mud pumping in substructure beneath ballastless 570 

slab track. Transportation Geotechnics 2020;23:100332. 571 

[8] Liu C, Shan Y, Wang B, Zhou S, Wang C. Reinforcement load in geosynthetic-reinforced pile-supported model 572 



 

 

embankments. Geotextiles and Geomembranes 2022;50:1135–46. 573 

[9] Bian X, Wan Z, Zhao C, Cui Y, Chen Y. Mud pumping in the roadbed of ballastless high-speed railway. Géotechnique 574 

2022:1–15. 575 

[10] Lee S-H, Vo HV, Park D-W, Na I-H. Comparisons of structural behavior between level and cant area of asphalt concrete 576 

track. Construction and Building Materials 2017;153:578–87. 577 

[11] Yang E, Wang KCP, Luo Q, Qiu Y. Asphalt Concrete Layer to Support Track Slab of High-Speed Railway. Transportation 578 

Research Record 2015;2505:6–14. 579 

[12] Luo Q, Fu H, Liu K, Wang T, Feng G. Monitoring of train-induced responses at asphalt support layer of a high-speed 580 

ballasted track. Construction and Building Materials 2021;298:123909. 581 

[13] Fang M, Hu T, Rose JG. Geometric composition, structural behavior and material design for asphalt trackbed: A review. 582 

Construction and Building Materials 2020;262:120755. 583 

[14] Xiao X, Cai D, Lou L, Shi Y, Xiao F. Application of asphalt based materials in railway systems: A review. Construction and 584 

Building Materials 2021;304:124630. 585 

[15] Yu Z, Connolly DP, Woodward PK, Laghrouche O. Settlement behaviour of hybrid asphalt-ballast railway tracks. 586 

Construction and Building Materials 2019;208:808–17. 587 

[16] TB10621-2014. Code for Design of High-Speed Railway, The National Railway Administration of China: 2014. 588 

[17] Jadidi K, Esmaeili M, Kalantari M, Khalili M, Karakouzian M. A Review of Different Aspects of Applying Asphalt and 589 

Bituminous Mixes under a Railway Track. Materials (Basel) 2020;14:169. 590 

[18] Sharma DK, Swami BL, Vyas AK. Performance evaluation of hot mix asphalt containing copper slag. Materials Today: 591 

Proceedings 2021;38:1241–4. 592 

[19] Teixeira PF, López-Pita A. Viability of using a bituminous sub-ballast layer on high-speed ballasted tracks. Proceedings of 593 

the International Conferences on the Bearing Capacity of Roads, Railways and Airfields 2005. 594 

[20] J.G. Rose, H.M. Lees. Long-Term Assessment of Asphalt Trackbed Component Materials’ Properties and Performance, 595 

AREMA 2008. 596 

[21] ANDO K, SUNAGA M, AOKI H, HAGA O. Development of Slab Tracks for Hokuriku Shinkansen Line. Quarterly 597 

Report of Rtri 2001;42:35–41. 598 

[22] Georgios Michas. Slab track systems for high-speed railways. Royal Institute of Technology; 2012. 599 

[23] Zhai W, Wang K, Cai C. Fundamentals of vehicle–track coupled dynamics. Vehicle System Dynamics 2009;47:1349–76. 600 

[24] Lamprea-Pineda AC, Connolly DP, Hussein MFM. Beams on elastic foundations – A review of railway applications and 601 

solutions. Transportation Geotechnics 2022;33:100696. 602 

[25] Zhai W, Sun X. A Detailed Model for Investigating Vertical Interaction between Railway Vehicle and Track. Vehicle System 603 

Dynamics 1994;23:603–15. 604 

[26] Shan Y, Shu Y, Zhou S. Finite-infinite element coupled analysis on the influence of material parameters on the dynamic 605 

properties of transition zones. Construction and Building Materials 2017;148:548–58. 606 

[27] Hall L. Simulations and analyses of train-induced ground vibrations in finite element models. Soil Dynamics and Earthquake 607 

Engineering 2003;23:403–13. 608 

[28] Connolly D, Giannopoulos A, Fan W, Woodward PK, Forde MC. Optimising low acoustic impedance back-fill material 609 

wave barrier dimensions to shield structures from ground borne high speed rail vibrations. Construction and Building 610 

Materials 2013;44:557–64. 611 

[29] Woodward PK, Laghrouche O, Mezher SB, Connolly DP. Application of Coupled Train-Track Modelling of Critical Speeds 612 

for High-Speed Trains using Three-Dimensional Non-Linear Finite Elements. International Journal of Railway Technology 613 

2015;4:1–35. 614 

[30] Shih JY, Thompson DJ, Zervos A. The effect of boundary conditions, model size and damping models in the finite element 615 

modelling of a moving load on a track/ground system. Soil Dynamics and Earthquake Engineering 2016;89:12–27. 616 

[31] Shih JY, Thompson DJ, Zervos A. The influence of soil nonlinear properties on the track/ground vibration induced by trains 617 

running on soft ground. Transportation Geotechnics 2017;11:1–16. 618 



 

 

[32] Powrie W, Yang LA, Clayton CRI. Stress changes in the ground below ballasted railway track during train passage. 619 

Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit 2007;221:247–62. 620 

[33] Varandas JN, Paixão A, Fortunato E, Hölscher P. A Numerical Study on the Stress Changes in the Ballast Due to Train 621 

Passages. Procedia Engineering 2016;143:1169–76. 622 

[34] El Kacimi A, Woodward PK, Laghrouche O, Medero G. Time domain 3D finite element modelling of train-induced 623 

vibration at high speed. Computers & Structures 2013;118:66–73. 624 

[35] Galvín P, Domínguez J. Analysis of ground motion due to moving surface loads induced by high-speed trains. Engineering 625 

Analysis with Boundary Elements 2007;31:931–41. 626 

[36] Kouroussis G, Gazetas G, Anastasopoulos I, Conti C, Verlinden O. Discrete modelling of vertical track–soil coupling for 627 

vehicle–track dynamics. Soil Dynamics and Earthquake Engineering 2011;31:1711–23. 628 

[37] Auersch L. The excitation of ground vibration by rail traffic: theory of vehicle–track–soil interaction and measurements on 629 

high-speed lines. Journal of Sound and Vibration 2005;284:103–32. 630 

[38] O’Brien J, Rizos DC. A 3D BEM-FEM methodology for simulation of high speed train induced vibrations. Soil Dynamics 631 

and Earthquake Engineering 2005;25:289–301. 632 

[39] Yang YB, Hung HH, Chang DW. Train-induced wave propagation in layered soils using finite/infinite element simulation. 633 

Soil Dynamics and Earthquake Engineering 2003;23:263–78. 634 

[40] Alves Costa P, Calçada R, Silva Cardoso A, Bodare A. Influence of soil non-linearity on the dynamic response of high-speed 635 

railway tracks. Soil Dynamics and Earthquake Engineering 2010;30:221–35. 636 

[41] Bian X, Chao C, Jin W, Chen Y. A 2.5D finite element approach for predicting ground vibrations generated by vertical track 637 

irregularities. J Zhejiang Univ Sci A 2011;12:885–94. 638 

[42] Bian X, Chen Y, Hu T. Numerical simulation of high-speed train induced ground vibrations using 2.5D finite element 639 

approach. Sci China Ser G-Phys Mech Astron 2008;51:632–50. 640 

[43] François S, Schevenels M, Galvín P, Lombaert G, Degrande G. A 2.5D coupled FE–BE methodology for the dynamic 641 

interaction between longitudinally invariant structures and a layered halfspace. Computer Methods in Applied Mechanics 642 

and Engineering 2010;199:1536–48. 643 

[44] Alves Costa P, Calçada R, Silva Cardoso A. Track–ground vibrations induced by railway traffic: In-situ measurements and 644 

validation of a 2.5D FEM-BEM model. Soil Dynamics and Earthquake Engineering 2012;32:111–28. 645 

[45] Charoenwong C, Connolly DP, Woodward PK, Galvín P, Alves Costa P. Analytical forecasting of long-term railway track 646 

settlement. Computers and Geotechnics 2022;143:104601. 647 

[46] Charoenwong C, Connolly DP, Odolinski K, Alves Costa P, Galvín P, Smith A. The effect of rolling stock characteristics on 648 

differential railway track settlement: An engineering-economic model. Transportation Geotechnics 2022;37:100845. 649 

[47] Kausel E. Wave propagation in anisotropic layered media. International Journal for Numerical Methods in Engineering 650 

1986;23:1567–78. 651 

[48] Kausel E. Thin-layer method: Formulation in the time domain. International Journal for Numerical Methods in Engineering 652 

1994;37:927–41. 653 

[49] Kausel E, Roësset JM. Stiffness matrices for layered soils. Bulletin of the Seismological Society of America 1981;71:1743–654 

61. 655 

[50] Bian X, Chen Y. An explicit time domain solution for ground stratum response to harmonic moving load. Acta Mech Mech 656 

Sinica 2006;22:469–78. 657 

[51] Connolly DP, Dong K, Alves Costa P, Soares P, Woodward PK. High speed railway ground dynamics: a multi-model 658 

analysis. International Journal of Rail Transportation 2020;8:324–46. 659 

[52] Fang M, Qiu Y, Rose JG, West RC, Ai C. Comparative analysis on dynamic behavior of two HMA railway substructures. J 660 

Mod Transport 2011;19:26–34. 661 

[53] Fang M, Cerdas SF. Theoretical analysis on ground vibration attenuation using sub-track asphalt layer in high-speed rails. J 662 

Mod Transport 2015;23:214–9. 663 

[54] Liu S, Chen X, Ma Y, Yang J, Cai D, Yang G. Modelling and in-situ measurement of dynamic behavior of asphalt supporting 664 



 

 

layer in slab track system. Construction and Building Materials 2019;228:116776. 665 

[55] Zhai W. Vehicle-track coupled dynamics: theory and applications. Singapore: Springer; 2020. 666 

[56] TBT 3352-2014. PSD of ballastless track irregularities of high-speed railway, The National Railway Administration of China: 667 

2014. 668 

[57] Chen G, Zhai W. Numerical Simulation of the Stochastic Process of Railway Track Irregularities. Journal of Southwest 669 

Jiaotong University 1999:13–7. 670 

[58] TB 10082-2017. Code for Design of Railway Track, The National Railway Administration of China: 2017. 671 

[59] Zeng Z, Shen S, Li P, Abdulmumin AS, Wang W. Experimental study on evolution of mechanical properties of CRTS III 672 

ballastless slab track under fatigue load. Construction and Building Materials 2019;210:639–49. 673 

[60] Gao L, Zhao L, Qu C, Cai X. Analysis on Design Scheme of CRTSⅢ Slab Track Structure on Roadbed. Journal of Tongji 674 

University(Natural Science) 2013;41:848–55. 675 

[61] Liu J, Gu Y, Du Y. Consistent viscous-spring artificial boundaries and viscous-spring boundary elements. Chinese Journal 676 

of Geotechnical Engineering 2006:1070–5. 677 

[62] Chen M, Sun Y, Zhu S, Zhai W. Dynamic performance comparison of different types of ballastless tracks using vehicle-678 

track-subgrade coupled dynamics model. Engineering Structures 2021;249:113390. 679 

[63] Chen M, Sun Y, Zhai W. High efficient dynamic analysis of vehicle–track–subgrade vertical interaction based on Green 680 

function method. Vehicle System Dynamics 2020;58:1076–100. 681 

[64] Zhang R. Exploration of Design Technique on Substructure for 400km/h High-speed Railway and 40t Axle-load Heavy 682 

Haul Railway. Southwest Jiaotong University, 2017. 683 

[65] Luo Q, Zhang R, Xie H, Tian D. Structural Analysis and Key Parameter of Ballastless Track Subgrade for 400km·h-1 High-684 

Speed Railway. China Railway Science 2020;41:34–44. 685 

[66] Liu S, Chen X, Yang J, Cai D, Yang G. Numerical study and in-situ measurement of temperature features of asphalt 686 

supporting layer in slab track system. Construction and Building Materials 2020;233:117343. 687 

[67] Ali Y, Irfan M, Ahmed S, Khanzada S, Mahmood T. Investigation of factors affecting dynamic modulus and phase angle of 688 

various asphalt concrete mixtures. Mater Struct 2016;49:857–68. 689 

[68] Zhu H, Sun L, Yang J, Chen Z, Gu W. Developing Master Curves and Predicting Dynamic Modulus of Polymer-Modified 690 

Asphalt Mixtures. J Mater Civ Eng 2011;23:131–7. 691 

[69] Dong Z, Ma X. Analytical solutions of asphalt pavement responses under moving loads with arbitrary non-uniform tire 692 

contact pressure and irregular tire imprint. Road Materials and Pavement Design 2018;19:1887–903. 693 

[70] Ferry JD, Grandine LD, Fitzgerald ER. The Relaxation Distribution Function of Polyisobutylene in the Transition from 694 

Rubber‐Like to Glass‐Like Behavior. Journal of Applied Physics 1953;24:911–6. 695 

[71] Zhang Y, Punnett L, McEnany GP, Gore R. Contributing influences of work environment on sleep quantity and quality of 696 

nursing assistants in long-term care facilities: A cross-sectional study. Geriatric Nursing 2016;37:13–8. 697 

[72] Liu S, Chen X, Ma Y, Yang J, Cai D, Yang G. Modelling and in-situ measurement of dynamic behavior of asphalt supporting 698 

layer in slab track system. Construction and Building Materials 2019;228:116776. 699 

[73] Xu G. Temperature features of the asphalt concrete waterproofing layer on high-speed railway in cold regions. Construction 700 

and Building Materials 2021:11. 701 

[74] Liu G, Luo Q, Zhang L, Chen H, Chen J. Analysis on the dynamic stress characteristics of the unballsted track subgrade 702 

under train loading. Journal of the China Railway Society 2013;35:86–93. 703 

[75] Ye Y-S, Cai D, Wei S, Yu L, Shi Y, Wang L. Distribution Characteristics and Analytical Method of Dynamic Stress on 704 

Subgrade of Ballastless Track for High-Speed Railway. China Railway Science 2020;41:1–9. 705 

[76] Ye Q, Luo Q, Feng G, Wang T, Xie H. Stress distribution in roadbeds of slab tracks with longitudinal discontinuities. Rail 706 

Eng Science 2022. 707 

[77] Huang YH. KENTRACK, a computer program for hot-mix asphalt and conventional ballast railway trackbeds. NAPA 708 

PUBLICATION ; 1984. 709 

[78] Wang T, Luo Q, Liu J, Liu G, Xie H. Method for slab track substructure design at a speed of 400 km/h. Transportation 710 



 

 

Geotechnics 2020;24:100391. 711 

[79] Zhang Q, Han Z, Lv B. Structural Analysis and Design Method for Subgrade Bed of High-speed Railway. China Railway 712 

Science 2005:55–9. 713 

[80] Sun T. Research on Influence of Moisture Content on Test Index of Subgrade Compaction. Shijiazhuang Tiedao University, 714 

2020. 715 

 716 


