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Abstract Using a finite element method (FEM) program,

a Portland cement concrete slab trackbed (S0), and a sub-

track asphalt roadbed (RAC-S) were modeled under high-

speed train loads to analyze their responses to ground

vibration attenuation, by considering 10, 15, 20, 25, and 30

thick sub-track asphalt layer replaced on the top of the

upper subgrade. FEM results show that the vibration

amplitude of RAC-S is at least three times lower than the

vibration for S0. The maximum vibration amplitude of

RAC-S is linearly increased with train speed. The vertical

acceleration is found to be reduced by more than 10 %

when the asphalt layer thickness is increased from 10 to

20 cm. However, the reduction in vertical acceleration is

only about 1 % when the thickness of the asphalt layer

changes from 20 to 30 cm. The vibration level is slightly

lower if the asphalt layer has higher resilient modulus in

the seasons of autumn or winter. This theoretical analysis

indicates that a railway substructure that consists of a

10–20 cm thick high modulus asphalt layer located at the

top of trackbed shows a good performance in ground

vibration control for high-speed rails.

Keywords High-speed railway � Substructure � Trackbed �
Asphalt mix � Ground vibration attenuation � Mechanism

analysis

1 Introduction

Vibration and noise induced by high-speed trains have

adverse impact on buildings and residents along railway

lines. Noise in essential is a certain form of vibration wave.

Therefore, the noise reduction should be based on vibration

control. According to previous researches [1–5], the envi-

ronmental vibration induced by a train is complicated,

depending on many factors such as the dynamic relation

between car body and track mass, vibration spectrum,

wheel–rail contact coupling, track-subgrade coupling, and

structural resonance. However, according to the wave

theory, the train-induced vibration undergoes generation

(emission source), propagation (medium and ways of

transmission), and receiving (receptor) [6, 7]. In each stage,

there are many factors influencing the eventual vibration

level. Nelson et al. [8] found that the key factors are

roughness or friction between wheels and rails, discrete

supports of track, dynamic characteristics of locomotive

and rolling stock, stiffness of track support, track structure

design, soil behavior, and building structure design. Intu-

itively, the noise generates when the vibration propagates

in the air, and the ground vibration is mostly caused by

wheel–rail impact and then, it propagates through soil.

Methods for controlling train-induced vibration can also

be designed based on the three stages, generation, propa-

gation, and receiving. Damping attenuation at the source is
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the basic measure and the elastic support in railway sub-

structures absorbs the energy transferred due to ground

vibration propagation. Also vibration attenuation measured

at the receiving end could be used for improving or

revising the structural design, such as setting elastic pads

for sensitive devices. The friction damping caused by

irregularity of wheel–rail contact area is one of the basic

requirements for train operation, so that the train-induced

vibration cannot be eliminated but only be reduced.

Moreover, the noise attenuation equipment for the receiv-

ing end is usually too expensive to be extensively applied

in railways. Therefore, researchers focus on the propaga-

tion stage to found reasonable control methods like med-

ium-based isolation. Asphalt concrete (AC) with high

strength and flexibility has been used in the railway sub-

structure as the damping medium for vibration attenuation.

In particular, rubber-modified asphalt concrete (RMC) as a

material for high-speed train foundation has benefited in

train-induced vibration reduction [9]. In addition, asphalt

sub-track layer, also known as asphalt underlayment, is

quite commonly used in Japan and western European

countries for high-speed railway construction and in the

United States for track rehabilitation and maintenance [10].

However, the effect and performance of an AC sub-track

layer as a mean for vibration attenuation needs to be

evaluated using quantitative indicators [11].

In this work, we adopted a finite element method (FEM)

program, ABAQUS for modeling two trackbeds, one with a

conventional slab and another with asphalt ballastless

trackbed to evaluate the performance of sub-track asphalt

layer as a wave propagation mean under dynamic loads.

The vertical acceleration at the top of the lower subgrade

layer was used to indicate the vibration intensity. Three

variables of two models including train speed, asphalt layer

thickness, and resilient modulus were compared to assess

substructure performance as a ground vibration attenuator.

2 FEM models of trackbeds

2.1 Geometric dimensions

The modeling dimensions were designed based on the

provisional design specification currently used in China

[12]. Figure 1 shows the standard cross section for a con-

ventional slab track (S0) and the location of sub-track

asphalt layer of RAC-S as well as the 3D model after mesh.

Based on S0 cross section, we replace part of the upper

subgrade layer with a 25 mm nominal maximum size

(NMAS) dense-graded asphalt layer by considering five

thicknesses of 10, 15, 20, 25, and 30. This model is named

as RAC-S. In addition, all modeling were created in three

dimensions with 15 m in longitudinal direction in order to

simulate longitudinal and transversal deformation of the

track.

2.2 Materials parameters

A 25 mm NMAS asphalt mixture composed by a #70

asphalt binder in terms of penetration performance grade

which is a kind of asphalt commonly used in China and an

aggregate gradation range shown in Table 1 [10] was

considered for the FEM modeling. For simplification of

analysis, all materials except the sub-track asphalt mix

were analyzed using linear elastic constitutive relationship.

According to Ref. [5], the material gradation parameters

for linear elastic analysis were defined in Table 2. It is

noted that the vertical stiffness, the transversal stiffness,

and damping were 70 km/mm, 60 km s/m, and 30 km/mm,

50 km s/m, respectively.

The asphalt mix material was analyzed on the basis of

linear visco-elastic properties, which can be defined in

terms of time or frequency domain. Either in time domain

or in frequency domain, the calculations use the parameters

fitted by a Prony series model. These parameters can be

obtained by the tests of direct tension, relaxation, or creep.

The linear visco-elastic behavior of asphalt material was

defined by adopting Prony series for describing creep

compliance and relaxation modulus curves [13]. The Prony

series for the definition of visco-elastic properties can be

expressed as,

gðtÞ ¼ 1�
Xn�1

i¼0

gið1� e�t=siÞ; ð1Þ

where g(t) = E(t)/E0 = E(t)/E(0) is the normalized relax-

ation modulus of elasticity; t is the creep time; n is the

terms of Prony series; gi and si are constants which express

shear relaxation modulus and related time, respectively. By

nonlinear fitting for g(t) curves, the parameters of Prony

series can be directly used for modeling the visco-elastic

properties of asphalt concrete. This modeling is based on

the analysis of creep tests, and using the shear relaxation

modulus, gi and relaxation time i, from Refs. [14, 15].

In the FEM, eight nodes reduced integrated element,

C3D8R, was used to mesh the structure for relatively high

accuracy of displacement solution and low calculation

time. The data extraction point is located on the top of the

upper subgrade layer beneath one side of the rails. All finite

element parts in models were simulated by solid element.

Spring/dashpots were adopted for simulating the contact

between rails and sleepers.

A 15 cm asphalt layer thickness (h) and a 4,000 MPa

resilient modulus (E), were used for evaluating the effect of

the train speed (v) on substructure performance due to

dynamic load vibration. By setting v = 200 km/h and
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h = 15 cm, the effect of the average seasonal moduli of

the asphalt layer with E = 4,812 MPa (in spring),

2,562 MPa (in summer), 8,618 MPa (in autumn), and

15,715 MPa (in winter) [16], was studied In this work, the

modulus value of 4,000 MPa is reasonable for comparative

calculation at normal temperature. In addition, the Pois-

son’s ratio and density of asphalt mix were taken as 0.35

(25 �C) and 2,400 kg/m3 [17].
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Fig. 1 Geometric dimensions and 3D model after mesh. a Full-cross section of referential slab trackbed model S0 and location of sub-track

asphalt layer for RAC-S. b 3D meshing model with 15 m in longitudinal length

Table 1 Gradation range of sub-track asphalt mix [10]

Size (mm) 37.5 26.5 19 16 13.2 9.5 4.75

Passing (%) 100 90–100 78–95 67–87 56–80 42–68 29–57

Size (mm) 2.36 1.18 0.6 0.3 0.15 0.075 \0.075

Passing (%) 19–45 14–34 10–25 5–17 3–10 1–7 –
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2.3 Modeling of train load

The ellipse contact area of wheel–rail loading was sim-

plified as a rectangle, and the exciting load model was

adopted for simulating the dynamic loading of the train

[18, 19]. Each line was subjected to a set of wheel loading.

The train load can be expressed as,

FðtÞ ¼ P0 þ P1 sinx1t þ P2 sinx2t þ P3 sinx3t; ð2Þ

where P0 is the unilateral static wheel load; P1, P2, P3 are

the vibration loads computed by three control conditions,

train stationary (I), dynamic additional load (II), and

corrugations (III), respectively. If the unsprung weight of

the train is M0, the related amplitude of vibration load is,

P1 ¼ M0aix
2
i ; ð3Þ

where ai and xi are the vector height and the circular

frequency of vibration wavelength corresponding to three

control conditions, respectively, and,

xi ¼ 2pv=Li; ð4Þ

where v is the train speed; and Li is the corresponding

vibration wavelength. Because the dynamic additional load

(II) and the corrugation effect (III) are not the focus of this

work, the train load in this model can be modified as,

FðtÞ ¼ P0 þ P1 sinxt; ð5Þ
PðtÞ ¼ FðtÞ=A ¼ P0 þ P1 sinxtð Þ=A; ð6Þ

where A is the loading area. Based on Eq. (6), for the high-

speed cars [13], P0 = 125 kN, M0 = 750 kg, a = 0.4 mm,

A = 940 mm2, L = 2 m. If v = 200, 250, 300, 400 (km/h),

then x = 174.533, 218.166, 261.799, 349.06 (Hz),

respectively, and then P1 = 9.139, 14.279, 20.562, 36.554

(kN), respectively.

3 FEM models verification

Because the model RAC-S was based on model S0, it is

reasonable that the numerical verification of S0 is also

performed before comparing ground vibration levels for

both models. As shown in Fig. 2, the time-history curves of

vibration acceleration for RAC-S and S0 show that the

acceleration amplitude of model S0 was about -3.01/

?2.37 m/s2. From Ref. [20], the expected maximum ver-

tical accelerations at similar position for S0 substructures

are in the range of 1.99 to 5.13 m/s2, indicating that both

RAC-S and S0 models are reliable for the comparative

study. In addition, the vibration amplitude of RAC-S was

only about -0.67/?0.85 m/s2. The ground vibration of

RAC-S is approximately 70 % lower than that of S0, which

means that the railway substructures with the asphalt layer

have better capacity in ground vibration attenuation than

the conventional concrete slab track.

4 Performance analysis of vibration attenuation

4.1 Effect of train speeds

From the time-history curves of acceleration at four dif-

ferent train speeds, as shown in Fig. 3, the maximum

absolute vibration accelerations of RAC-S are 0.767 m/s2

(v = 200 km/h), 0.847 m/s2 (v = 250 km/h), 0.929 m/s2

(v = 300 km/h), 1.069 m/s2 (v = 400 km/h). The results

show that when the train speed reaches 400 km/h, the
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Fig. 2 Time-history curves of vibration acceleration for RAC-S and

S0

Table 2 Materials parameters for FEM modeling (linear elastic relationship layers) [5]

Parts Density (kg/m3) Elastic modulus (Pa) Poisson’s ratio Stiffness damping Specific materials

Rails 7,830 2.06 9 1011 0.300 0.015 Steel

Track slab 2,450 3.50 9 1010 0.167 0.030 C50, cement concrete

CA sand mortar 2,050 4.00 9 108 0.167 0.035 Cement, asphalt emulsion, sand

Concrete base 2,300 3.30 9 1010 0.167 0.030 C40, cement concrete

Top layer of roadbed 2,200 1.50 9 108 0.250 0.045 Crushed stone

Bottom layer of roadbed 2,000 0.60 9 108 0.250 0.039 A, B filler, improved soils

Subgrade body 1,800 0.50 9 108 0.330 0.035 A, B, C filler, improved soils
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resulting acceleration is higher than the other three train

speeds. From the comparison of absolute acceleration, the

maximum acceleration increases from 0.767 to 0.926 m/s2

when the train speed increases from 200 to 300 km/h. This

indicates that the ground vibration linearly increases with

train speed.

4.2 Effect of the asphalt layer thicknesses

Figure 4 shows the time-history curves of vertical accel-

eration, the maximum absolute acceleration was deter-

mined for five different asphalt layer thicknesses (see

Fig. 4).

Figure 4 shows that the asphalt layer with a thickness of

10 cm has the maximum values of acceleration. The

amplitude of vertical acceleration decreases as the asphalt

layer thickness increases. Specifically, the asphalt layer

thicknesses of 10 and 20 cm reported the maximum

acceleration values (0.864 and 0.770 m/s2, respectively),

with an amplitude difference of over 10 %. However, if the

thickness is increased from 20 to 30 cm, the acceleration is

only decreased to 0.769 m/s2 with an amplitude difference

of about 1 %. This shows that asphalt layer thickness of

more than 20 cm does not result in an improvement in

train-induced ground vibrations.

4.3 Effect of substructure stiffness

From the time-history curves with four different resilient

moduli of the asphalt layer, the maximum absolute

accelerations are shown in Fig. 5, which indicates that the

vibration acceleration level in summer is higher than that

in spring, autumn, or winter. This indicates that high

asphalt modulus during autumn and winter can have a

positive effect on ground vibration attenuation for railway

trackbed and that high HMA deformation levels during

summer can cause a significant reduction. The higher

resilient modulus of asphalt layer in railway substructures

is beneficial for the attenuation of train-induced ground

vibration. However, it is important to consider the sea-

sonal gain/reduction of HMA stiffness in the vibration

attenuation. In high-temperature season like summer, the

maximum vertical acceleration on subgrade surfaces is

larger because of the lower modulus of sub-track asphalt

layer.

The analysis above indicates that the asphalt railway

substructure, which can perform well as foundation

damping, has better performance in ground vibration

attenuation than the conventional concrete slab tracks. The

asphalt layer in the substructure is also beneficial for the

long-term performance of rail substructures.

5 Conclusions and suggestions

A theoretical analysis of ground vibration attenuation using

an asphalt sub-track layer was conducted using a FEM

program. Based on the results, the main conclusions and

suggestions are summarized as:
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• The ground vibration level is lowered using a sub-track

asphalt layer, which linearly depends on train speeds.

• An increase of asphalt layer thickness results in a

decrease of the vibration level. The decrease in

amplitude is more than 10 % when the thickness of

asphalt layer is increased from 10 to 20 cm; however,

the decrease is only about 1 % if the asphalt layer is

increased from 20 to 30 cm in depth. Based on this,

sub-track asphalt layers thicker than 20 cm may not be

cost-effective.

• The resilient modulus of the asphalt layer plays an

important role in lowering the vibration level. The

lowering performance is better when resilient modulus

of railway asphalt layer during seasons in autumn and

winter than in spring and summer. This means high

modulus asphalt mix is strongly suggested to be used.

In summary, asphalt mixtures used as sub-track layer can

be beneficial for the attenuation of ground vibration in

high-speed railways. Moreover, it is also very necessary to

investigate the performances of different HMA materials

such as dense and coarse graded, extra-high strength even

high modulus, different binder grades, different modified

binders, etc., which are the hot topics for future research on

asphalt railway substructures.
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