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Abstract Well-graded asphalt mix with the merits of

high sound absorption, low water permeability, excellent

strength, and easy construction is an important option for

high-speed railway substructures. On the basis of finite

element method, a model with conventional ballasted

trackbed (T0) and four ballasted trackbeds models with

different positions of asphalt layer were analyzed, in which

15 cm thick asphalt layer was used to replace the different

sub-track layers, the bottom and the top of upper subgrade

and of ballasted trackbed, named as T1, T2, T3, and T4,

respectively. The results showed that the range of peak

vertical accelerations on the top of subgrade surface of T2

and T4 were smaller than T1 and T3; T1 and T2 perform

better in decreasing the maximum vertical deformation of

subgrade than T3 and T4; the maximum transversal tensile

strain of T4 is almost twice than the other three. The

trackbed bears more stress when the asphalt layer is located

at the lower part of railway trackbed.

Keywords High-speed railways � Asphalt concrete �
Ballasted trackbed � FEM � Numerical analysis

1 Introduction

The conventional ballasted trackbed is still an important

option for high-speed railway substructures due to its good

performance for vibration control and noise reduction as

well as low cost and easy construction. To meet the

requirements of high-speed trains, conventional ballasted

trackbeds need to be more enhanced to prevent the sub-

grade deterioration. Well-graded asphalt concrete has

capability for this enhancement due to its low permeability,

sufficient strength, and appropriate flexibility as well as

easy construction and quick maintenance.

Asphalt trackbeds have already been used internation-

ally with great acceptance, while the asphalt layer in rail-

way substructures is not placed in the same position.

Momoya [1, 2] introduced a new performance-based

design method and considered the effects of the number of

passing trains on the fatigue of asphalt mixture layer.

Teixeira et al. [3] presented bituminous track design and

found that structural performance was good when a 12-cm

to 14-cm conventional bituminous subballast layer was

used in lieu of the usual granular layers. In Italy, more than

1,200 km high-speed lines have been equipped with

asphalt sub-ballast layer since 1970s [3]. Huurman et al. [4]

investigated the possibilities of embedded rail in asphalt

(ERIA) and used cement-filled, porous asphalt as the

bitumen-bound alternative for cement-bound concrete. In

US, two methods have been used to incorporate hot mix

asphalt (HMA) in railroad trackbeds [5]. One method is to

place the HMA on the top of subgrade and the ties directly

on the asphalt mat, which is called overlayment. Another
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method used more often is called underlayment referring to

the asphalt mat placed under the ballast to serve as sub-

ballast. A program KENTRACK was developed for the

asphalt trackbed design [6]. In China, because the Portland

Cement Concrete (PCC) has been the fundamental material

in high-speed rails since the 1990s [7], very few related

research were referred.

The main objective of this work is to determine the

optimal location of asphalt layer paved in conventional

trackbed via numerical analysis with finite element method

(FEM) program ABAQUS�. During the modeling, 15 cm

thick asphalt layer was used to replace the bottom and the

top of upper subgrade and conventional ballasted trackbed

T0 respectively. Based on a comprehensive analysis of key

mechanical parameters such as the vertical stresses at the

top of subgrade and the transversal and longitudinal tensile

strain at the bottom of asphalt layer, the optimal location of

railway asphalt can be determined.

2 Dynamic FEM modeling theory and parameters

2.1 Dynamic FEM modeling theory

The motion equation of structure model for dynamic sim-

ulation is generally represented by second-order ordinary

differential equations [8],

M€aðtÞ þ C _aðtÞ þ KaðtÞ ¼ QðtÞ; ð1Þ

where, M is the mass matrix; K is the stiffness matrix; C is

the structural damp matrix; a(t) is the node displacement

vector; ä(t) is the nodal acceleration vector; Q(t) represents

all external force vectors.

By solving Eq. (1), the displacement vector a(t) could be

derived. The stress rðtÞ and strain eðtÞ of each element can

be derived from the relationship between displacement and

stress or strain. Compared to static processing, the dynamic

FEM analysis involves mass matrix and damp matrix

because of the occurrence of kinetic energy and dissipation

in energy equation, and the solution is not derived from

algebraic equations but from ordinary differential

equations.

2.2 Dynamic structural parameters

From above, the derivation of dynamic FEM solution

requires to determine the mass matrix, damping matrix or

stiffness matrix. As for the calculation of the mass matrix,

the shape functions are the same with displacement inter-

polation function, damping matrix is the linear combina-

tion of mass matrix, and stiffness matrix can be calculated

by C = aM ? bK, where, both a, b are constants which

are determined by the natural frequency and corresponding

damping ratio. The circular frequency x1 and corre-

sponding damping ratio n1 are applied to obtain

a ¼ n1x1; b ¼ n1=x1. Different geometry features and

boundary conditions can influence the damping coefficient

of FEM models.

In the following numerical analysis, the Rayleigh

damping function is used. First, the mass matrix M and

stiffness matrix K are constructed with the known density

and modules of structure model. Then, the natural frequen-

cies of asphalt track models are extracted by the method of

linear perturbation. Combining these frequencies with the

given damping ratio, the Rayleigh damping coefficient of

the corresponding trackbed model is calculated.

3 FEM modeling for railway asphalt ballasted

trackbeds

3.1 Geometry features of railway substructure

The sub-track area influenced by dynamic train loads could

be partitioned into four layers, the bottom and the top of the

upper subgrade and of the trackbed. For these layers, the

materials were replaced by 15 cm thick HMA respectively,

and the corresponding models were named as T1, T2, T3,

and T4. Figure 1 shows the geometric features of T0 and

four asphalt trackbed models by replacing different layer

locations of T0. In order to minimize the negative effect of

the boundary condition, especially the reflected wave from

boundary, the model T0 has a 15 m length in the longitu-

dinal direction and the calculation area is located in the

middle of the model with the size of 5 m.

3.2 FEM modeling parameters

For simplification, the material has elastic properties. The

calculations follow the provisional design specification [9].

The asphalt mix with the asphalt binder 70# has the

nominal maximum size (NMS) 25 mm and the recom-

mended gradation range is listed in Table 1 [10].

All parts in models were simulated by solid element.

Spring/Dashpots were adopted to simulate the contact

between rails and sleepers as shown in Fig. 2. The spring

spacing is 0.6 m. The interlayer behaviors of trackbeds are

not considered in the calculation.

Basically, the dynamic modulus of asphalt mixtures

depends on the test temperature (strongly related) and load

frequency, the mix type, the material properties and the test

methods. Four dynamic modulus values, 5,760, 4,739, 4,620,

and 3,870 MPa were gained from several tests at 25 �C [11].

The average value is 4,747 MPa. Bei [12] defined the aver-

age modulus in four seasons, spring, summer, fall, and

winter, as 4,812, 2,562, 8,618, and 15,715 MPa, respectively.
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The averaged value is 7,927 MPa. Here, 4,000 MPa was

used as the reasonable modulus value of the asphalt mixture.

In addition, the Poisson’s ratio and density of asphalt mix

were taken as 0.35 (25 �C) and 2,400 kg/m3 [13]. The

material parameters are listed as Tables 2 and 3. As for the

contact and boundary conditions, the CAE module Interac-

tion that defines the contact relationship was used between

two adjacent parts. Meshing with C3D8R element worked

appropriately due to its great precision to display the FEM

analysis results. The model T0 after meshing is shown in

Fig. 3.

For the ease of analysis, the self-weight stress field was

not considered in the analysis. The boundary constraints

were applied with 6 DOFs (degree of freedoms), and the

longitudinal and transversal directions has symmetric

boundary conditions.

3.3 Train load simulation

As to super-long jointless tracks that have been widely

used in high-speed railway lines, the main factor to influ-

ence the vertical behavior of trains is the ride performance.

Therefore, we adopt the excitation load which is the

superposition of static wheel load and dynamic load in the

form of multiple sinusoidal functions to simulate train load.

For simplification, the ellipse area of wheel-rail contact

zone was replaced by rectangular area in the load modeling

(see Fig. 4).

The simplified expression to describe dynamic train load

is [14],

FðtÞ ¼ P0 þ P1 sin x1t þ P2 sin x2t þ P3 sin x3t; ð2Þ

1:1.75

Subgrade body

Lower subgrade

Upper subgrade

13

23.5

27.5

1:1.75

5
2.

3

4.6

9.5

Ballast trackbed

Sleeper Rail

0.
7

Rail Sleeper

Unit: m

T1

T2
T3

T4

T0

Asphalt layer pending

Fig. 1 Cross section of ballasted trackbed T0 and four sub-track asphalt layers

Table 1 Gradation range of sub-track asphalt mix

Size/mm Passing/% Size/mm Passing/%

37.5 100 2.36 19–45

26.5 90–100 1.18 14–34

19 78–95 0.6 10–25

16 67–87 0.3 5–17

13.2 56–80 0.15 3–10

9.5 42–68 0.075 1–7

4.75 29–57 \0.075 –

Fig. 2 Contact between rails and sleepers
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where, P0 is static wheel load on one side; P1, P2, P3 are

vibration loads in three control conditions: train station-

ary (I), additional load (II), and corrugations effect

(III); t stands for the time. If the unsprung weight is M0,

the amplitude of vibration load is,

P1 ¼ M0aix
2; ð3aÞ

where, ai and xi are the vector height and the circular

frequency under the constraint three conditions I, II, III. xi

is calculated by

xi ¼ 2pv=Li; ð3bÞ

Table 2 Material parameters for FEM modeling

Modeling parts Density (kg/m3) Elasticity Modulus (Pa) Poisson’s Ratio Stiffness damping ratio Materials

Rail 7,830 2.06 9 1011 0.30 0.015 Steel et al.

Sleeper 2,800 3.50 9 1010 0.20 0.030 Reinforced cement concrete

Ballast 2,200 1.50 9 108 0.27 0.040 Crushed graded stone

Trackbed surface 2,150 1.20 9 108 0.30 0.059 Crushed graded stone

Trackbed bottom 1,900 0.70 9 108 0.30 0.031 A, B filler, modified soil

Subgrade body 1,800 0.50 9 108 0.34 0.035 A, B, C filler, modified soil

Table 3 Comprehensive evaluation to four asphalt railway trackbeds

Structural styles Key parameters

Top of subgrade surface Bottom of asphalt layer

Vertical acceleration Vertical deformation Transversal strain Longitudinal strain

T1 9 H H H

T2 H H H H

T3 9 9 H 9

T4 H 9 9 9

Fig. 3 FEM model T0 after meshing

Real wheel loading area 47

20

2 500

1 
43

5Wheel base

Track guage

Uniformly distributed train loadRails

Simplified loading area

Fig. 4 Schematic of dynamic train load (unit: mm)
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Fig. 5 Time-history curves of load (v = 200 km/h)
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where, v denotes train speed, Li denotes the wave length of

vibration load under the three control conditions. Here, the

dynamic additional load and corrugation effect are not the

main focus. Thus, the train load is simplified as

FðtÞ ¼ P0 þ P1 sin xt; ð4aÞ
PðtÞ ¼ FðtÞ=A ¼ P0 þ P1 sin xtð Þ=A; ð4bÞ

where A denotes wheel-rail contact area.

In the calculation, P0 ¼ 125 kN,M0 = 750 kg, a =

0.4 mm, A = 940 mm2, L = 2 m. When v = 200 km/h [7],

x = 174.533 Hz, and P1= 9.139 kN, the time-history curve

of exciting force is shown in Fig. 5.

4 Calculation results and analysis

4.1 Validation of T0 model

The time-history curves (scattered) of acceleration on the

top subgrade of four asphalt trackbeds were compared with

those of T0 as shown in Fig. 6a–d.

The amplitude of maximum vertical acceleration of

model T0 is -25 to 40 m/s2, but there are several peak

values in the range of 10–20 m/s2. This result is similar to

the one in Ref. [15]. ranging from 14 to 16 m/s2. The range

of elastic deformation is 1.0–2.3 mm, which is close to

1.2–2.3 mm obtained by Su and Cai [16]. The peak value

of vertical stress on subgrade surface is about 50 kPa,

which is in the range of 41–57 kPa measured from field

tests [17]. According to these comparisons, T0 can be used

as the standard trackbed model in the following numerical

analysis.

4.2 Analysis of vertical acceleration

From the Fig. 6, the range of peak values of the vertical

acceleration for T1–T4 are about ±28, ±22, ±24, ±23 m/s2,

which means that the models T2 and T4 have smaller ver-

tical acceleration compared to the other two models.

Compared to T4, the acceleration attenuation of T2 is rel-

atively smaller, which indicates that the asphalt layer

located at the lower position of railway trackbed provides

higher strength to the structure than that located at the
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Fig. 6 Time-history curves of vertical acceleration compared to T0. a T1 versus T0, b T2 versus T0, c T3 versus T0, d T4 versus T0
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upper position. In summary, the asphalt layer can greatly

decrease the vertical acceleration at the top of subgrade.

This also indicates that the asphalt layer is beneficial to

long-term performance and vibration control.

4.3 Analysis of vertical deformation

The time-history curves of vertical deformation at the top

of subgrade surface are extracted to compare the maximum

value as shown in Fig. 7a, b.

Compared to T0, the peak values of vertical deformation

were decreased from around 2.39 to 2.04–2.10 mm, i.e.,

12–15 % decrease. When approaching the end of calcula-

tion, the vertical deformation was decreased from about 1.06

to 0.66–0.79 mm, i.e., nearly 25–37 % decrease. This indi-

cates that the four trackbeds with asphalt layer could

decrease the maximum vertical deformation at subgrade

surface, and the deformation of T3 was slightly greater than

the other three structures. During the calculation period, the

maximum vertical deformations of T1, T2, T3, and T4 were

2.055, 2.049, 2.105 mm (max), and 2.038 mm, respectively.

At the end of the calculation, the vertical deformations were

0.661, 0.706, 0.786, and 0.792 mm (max), which shows that

T1 and T2 are more appropriate for railway asphalt trackbeds

than the other two in terms of vertical deformation.

4.4 Analysis of horizontal strain at the bottom

of asphalt layer

The horizontal strains include the ones both in transversal

and longitudinal directions. The horizontal strain (tensile

strain actually) should be less than the allowable tensile

strain of asphalt mix. In this calculation, the time-history

curves of transversal and longitudinal strains on the bottom

of asphalt layer of four asphalt trackbed models were

extracted and then compared to the horizontal strain as

shown as Fig. 8.

The longitudinal tensile strain obtained for section T4

was 4.136 le, which is the minimum among the four

structures. The time-history curve of T4 (Fig. 8a) shows

that the strain was mainly a compressive strain. However,

the maximum transversal tensile strain was about 61.222 le,

which was almost twice than the corresponding values of

other three structures. This reveals that the trackbed with

asphalt layer at the top of ballast trackbed mainly experi-

ences transversal tensile stress while being compressed in

longitudinal direction, which is similar to being in the state

of simple tensile stress and is adverse to the long-term

performance of asphalt layer.

For the model T1, the maximum transversal and longi-

tudinal tensile strains at the bottom of asphalt layer were

about 32.438 and 33.896 le, respectively, which were

15 % and 33 % greater than those of T2 and also 7 % and

47 % greater than T3. Based on the time-history curves

(Fig. 8b), the horizontal strains of T1 (especially the lon-

gitudinal) were greater than both T2 and T3 structures. This

indicated that the inner stress of the asphalt layer in T1 is

more concentrated than T2 and T3, which is not beneficial

to the long-term performance for asphalt material. As

shown in Fig. 8b, the time-history curves of T2 and T3 were

similar and the maximum values were 27.543 and 30.975

le, relatively smaller than those of the other two structures,

while the maximum longitudinal strain of T2 was about

22 % greater than the other structures. The time-history

curve of T2 is flatter than that of T3, which indicates that the

usage of asphalt mix in T2 can result in better mechanical

performance of asphalt mix both in transversal and longi-

tudinal direction. Thus, T2 and T3 structures were more

appropriate for asphalt railway trackbeds than T1 and T4,

and the horizontal strain of T2 was slightly less than T1.
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4.5 Comprehensive evaluation of four asphalt

trackbeds

From the above, the four asphalt railway trackbeds are

evaluated as shown in Tables 2 and 3, where the mark ‘‘H’’

means that the value meets the requirement of the specific

parameter, and the mark ‘‘9’’ means that the value does

not. According to Tables 2, 3, the structure T2 with the

asphalt mix at the upper of subgrade surface layer is the

optimal for railway asphalt trackbeds.

5 Conclusions and suggestions

Four FEM models of asphalt railway trackbeds, T1, T2, T3, and

T4, were established using ABAQUS and compared with the

conventional ballasted railway trackbed model T0. The main

conclusions and suggestions are summarized as follows:

(1) The usage of asphalt layer is beneficial to long-term

performance of high-speed trakcbeds especially for

the vibration control. The asphalt layer located at the

lower part of trackbed provides more vibration

attenuation than the upper location, because the range

of peak vertical accelerations on the top of subgrade

surface of T2 and T4 were smaller than T1 and T3.

(2) Asphalt layer has the capacity to decrease the

maximum vertical deformation of subgrade compared

to the conventional ballasted structure, and T1 and T2

are more appropriate for railway asphalt trackbeds

than T3 and T4.

(3) The longitudinal tensile strain of T4 is the minimum

among the four structures; however, the maximum

transversal tensile strain of T4 is almost twice than the

other three. The maximum horizontal tensile strain of

T1 was greater than those of T2 and T3.

(4) When the asphalt layer is located at the lower part of

railway trackbed, the trackbed bears more stress than

the case of the asphalt layer at the upper position. The

asphalt layer on the upper subgrade (T2) is proved to

be the optimal location of railway asphalt layer.
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