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A B S T R A C T   

To investigate the train-induced ground vibration, an explicit time-domain, three dimensional (3D) finite 
element (FE) model is developed. The train, track, embankment, pile-board structure and nearby ground soils are 
all fully coupled in this model. The complex geometries involving the track components and pile-board structure 
are all modelled in detail, which makes the simulation of wave propagation more realistic from the train to the 
ground. The model is validated with in situ tests data collected in the Beijing-Shanghai high speed railway line. 
Good agreements have been achieved between the numerical results and experimental results both in time 
domain and frequency domain. The proposed model is thus capable of reproducing the dynamic ground response 
induced by a typical high speed train. Soil responses induced by different number of vehicles are compared. With 
more vehicles, the spectral peaks of soil responses are more prominent at the integral multiples of the vehicle 
passing frequency. Too few vehicles will not bring about such phenomenon, thus sufficient number of vehicles 
should be included in a train to properly model train-induced ground vibration. With the proposed model, the 
influence of the pile-board foundation on the ground vibration is investigated. It is found that the pile-board 
foundation can significantly attenuate the low frequency ground vibration. The attenuation of the ground vi
bration as a function of distance from the track is simulated and the influential factors to the local vibration 
amplification are investigated. It is found that soil Young’s modulus and soil impedance contrast are the two 
main factors influential to the local vibration amplification. The softer the natural soil, the larger the amplifi
cation. The larger soil impedance contrast makes the amplification more obvious. The soil stratification and 
geometric discontinuity at ground surface are not the main cause of the local vibration amplification in this work.   

Introduction 

Rail transport is extensively adopted all over the world because of its 
cost-effectiveness and energy efficiency. Yet the train-track dynamic 
interaction induces vibration, causing environment problems. Espe
cially, excessive ground vibration induced by high speed trains or sub
ways may be nuisance to nearby residents, may cause malfunctioning of 
sensitive equipment in hospitals and laboratories, and in extreme cases 
may even cause damage to historical sites and buildings [1–3]. The 
train-induced ground vibration is of growing concern in the past thirty 
years because of the fast development of intercity and urban rail 
transport [4–7]. 

To predict the influences of ground vibration, analytical, semi- 
analytical or 2D numerical models were used to investigate the sur
face waves induced by moving train loads [8–13]. These models were 

very useful and efficient to find the key parameters involved in the 
phenomenon of ground vibration. Yet, limitations in considerations of 
complex geometries and materials make them having difficulties in 
simulating some real scenarios. 

Afterwards, finite element (FE) method was introduced with its ad
vantages in dealing with the irregularities in geometry and material 
nonlinearities, including natural soil layers and embedded structures. 
However, applications were usually limited to 2D models because using 
full 3D formulations was almost impossible from a computational point 
of view at early times. 

As an alternative to time-domain full 3D FE models, the 2.5D 
approach was proposed for the prediction of railway induced vibrations. 
Yang and Huang [14] developed a 2.5D finite/infinite element proced
ure, and Yang, et al. [15] used this procedure to study the train-induced 
wave propagation in layered soils. Jean, et al. [16] presented a 2.5D 
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model using a full boundary element (BE) method to study ground 
structure interaction due to surface waves. Sheng, et al. [17,18] estab
lished a 2.5D finite element–boundary element (FE-BE) model to 
investigate the ground vibration caused by the railway traffic on the 
ground and in a tunnel. To account for the periodicity appearing in the 
track direction, such as rail supports, track slabs and tunnel segments, 
Degrande et al. [19] developed a 3D periodic FE-BE approach to predict 
the free field response due to metro trains in tunnels. Gupta, et al. [20] 
used the periodic FE-BE approach to study the vibrations caused by the 
passage of a Thalys high speed train in the Groene Hart tunnel. In 
general, the 2.5D approach and the 3D periodic FE-BE approach need to 

consider only the profile perpendicular to the train’s moving direction 
and assumes the geometries and material properties to be constant or 
periodic along the train’s moving direction. This makes these methods 
efficient when involving complex geometries and material properties. It 
also limits their applications to situations where it is reasonable to as
sume such invariance or periodicity in train’s moving direction. 

With the rapid development of computational power, 3D time- 
domain method becomes more attractive for simulating train-induced 
ground vibration. Ju and Lin [21] developed a 3D FE model to analyse 
the isolation effects of concrete slab and soil improvement. Galvin, et al. 
[22] established a 3D time-domain multi-body-FE-BE model to analyse 

Fig. 1. The test site.  

Fig. 2. Schematic diagram of the cross section and measurement points at various distances from the track (E – Young’s modulus, v – Poisson’s ratio, Vs – shear 
wave velocity). 
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the dynamic behaviour of a transition zone between a ballasted track 
and a slab track. Kouroussis, et al. [23] developed a compound vehicle- 
track-soil model which contains two subsystems: vehicle-track subsys
tem and soil subsystem. The vehicle-track subsystem allows for a 
detailed vehicle model with the help of a multi-body approach. This 3D 
time-domain model was used to investigate the influences of some 
vehicle and track parameters, as well as soil properties on the ground 
vibration [24,25]. Connolly, et al. [26] updated this model to be a more 
coupled 3D FE model with an elongated spherical domain to achieve 
improved absorption performance of reflected waves at the soil 
boundaries. To consider the real scenario of high speed railway on pile- 
reinforced soft soils, Li, et al. [27,28] developed a fully coupled 3D 
vehicle-track-pile-soil model to investigate the influences of piles on the 
ground vibration responses in high-speed railway with slab tracks. 
Overall, good agreement has been achieved when comparing numerical 

results with field test results in terms of peak particle accelerations. The 
model considered only one vehicle and the analysis did not include the 
responses induced by multiple vehicles of a train, particularly the re
sponses in frequency domain. 

To understand the characteristics of ground vibration induced by 
high speed trains on embankment, many in situ experiments have been 
performed. Degrande and Schillemans [4] measured the free field vi
brations and track responses induced by the Thalys high speed trains 
with speed varying from 223 to 314 km/h. Auersch [29] presented three 
series of measurements during the test runs of ICE on a newly built track 
in Germany and the test data was used in the validation of an integrated 
model. In China, at the Beijing-Shanghai high speed line, Zhai, et al. [30] 
performed a field measurement of ground vibration with train speed up 
to 410 km/h. Feng, et al. [31] conducted ground vibration measure
ments considering different sections with embankment, culvert, viaduct 

Fig. 3. Fully coupled 3D train-track-piles-soil FE model: (a) dimensions; (b) train model; (c) track structure and its mesh; (d) embankment and ground soils mesh; (e) 
pile-board structure and its mesh; (f) perfectly matched layer (PML), absorbing layers by increasing damping (ALID) and non-reflecting boundaries. 
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and transition zones, respectively. In the authors’ previous work [32], 
the frequency-domain characteristics of the ground vibration caused by 
high-speed trains are experimentally studied. The in situ measurements 
are valuable for providing data sets in the validation of numerical 
models. 

In the present work, an explicit time-domain, fully coupled 3D dy
namic train-track-embankment-piles-soil model is developed and vali
dated with in situ tests both in time domain and frequency domain. The 
paper is organized as follows. Section 2 briefly introduces the experi
mental campaign in the authors’ previous work [32]. Section 3 presents 
the detailed modelling approach. Section 4 is the validation of the 
proposed model. In Section 5, the soil responses with various number of 
vehicles are investigated, the ground vibrations with and without the 
pile-board foundation are compared, and the influential factors to the 
local vibration amplification are discussed. Finally, Section 6 presents 
the conclusions and future work. 

Experimental campaign 

This section introduces the experimental campaign in brief, the test 
results from which are used to validate the 3D FE model in Section 3. 

More information about the experimental campaign can be found in 
[32]. 

Overview of the test site 

An experimental campaign was conducted at Kunshan, Jiangsu 
province in China, along the high speed railway line between Beijing 
and Shanghai. The test site is in a soft soil region in the Yangtze delta, 
where the soil modulus could be as low as only several mega Pascal. To 
support the high speed trains in such a soft soil region, pile-board 
composite foundation is adopted. Above the reinforced foundation, 
the test site consists of two slab tracks on an embankment which is about 
6 m in thickness. The test site is shown in Fig. 1. Alongside the 
embankment, there is a concrete barrier/fence, an unpaved road and a 
shallow trench. 

High speed train traffic 

The high-speed trains running on the track were the CRH380 series, 
including 8-carriage CRH380A and CRH380B, as well as 16-carriage 
CRH380AL and CRH380BL. A 16-carriage CRH380AL is a combination 
of two 8-carriage CRH380A, so as to the relationship between 
CRH380BL and CRH380B. The configurations of all the carriages are 

Fig. 4. Vertical track irregularities at the test site.  

Table 1 
Parameters of vehicle.   

Mass [kg] Stiffness [N/m] Damping [N.s/m] 

Carbody 38,884 / / 
Bogie 3060 / / 
Wheelset 1517 / / 
Primary suspension / 1.772E6 2E4  

Table 2 
Parameters of the track and substructures.   

Elastic modulus [Pa] Poisson’s ratio Density [kg/m3] Rayleigh damping 

α [s− 1] β [s] 

Rail 2.06E11 0.3 7800 / / 
Track slab 3.45E10 0.2 2400 0 0.0001 
CA mortar 7.0E9 0.2 1900 0 0.0005 
Base plate 3.25E10 0.2 2200 0 0.0001 
Embankment 1.5E8 0.2 2000 0 0.01 
Pile-board 3.0E10 0.2 2200 0 0.0001 
Ground soils Construction-influenced soil 90E6 0.3 2000 0.02  0.08 

Natural soft soil 10E6 0.3 1600 1.257  0.01 
Weathered amphibolite 700E6 0.3 2000 0  0.001  

Table 3 
Parameters of fasteners.   

Stiffness [N/m] Damping [N∙s/m] 

At the main part 2.5E7 7.5E4 
At the approaching and leaving parts 1.2E7 7.5E4  

L. Wang et al.                                                                                                                                                                                                                                   
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similar. The length of each vehicle is about 25 m and the wheelbase of 
each bogie is 2.5 m. The static axle load is about 140 kN and the train 
operating speed is about 250 km/h or 300 km/h. During the test, 10 
train passages were recorded with speed varying from 296 km/h to 307 
km/h. Of the 10 train passages, there were 8 16-carriage trains and 2 8- 
carriage trains. 

Track structure, embankment and substructure 

The track structure at the test section is the Chinese railway type II 
(CRTS II) slab track which consists of rail (60 kg/m), fastener, track slab, 
cement asphalt (CA) mortar and base plate. The track slabs and the base 
plates are all anchored longitudinally. 

The embankment is composed of 3 layers: surface layer, bottom layer 
and subgrade bed. The surface layer is filled with graded crush stones 
with a thickness of 0.4 m. The bottom layer and the subgrade bed are 
filled with special designed group fillers [33]. 

The pile-board composite foundation below the embankment has 
piles of 43 m long with a diameter of 0.5 m. The space between every 
two piles is 2.4 m. 

The embankment and pile-board structure are shown in Fig. 2. 

Ground soils and soil response measurements 

The soft soil at the location consists of multi-layered clay and silt clay 
with elastic modulus as low as 20 MPa. More information about the soil 
properties can be found in [32]. The vertical vibration velocities of the 
soil surface are recorded at 8 locations, i.e., 3, 15, 20, 25, 30, 35, 40 and 
50 m away from the track centre, as shown in Fig. 2. The point at 3 m is 
on the shoulder of the embankment, and the points at 20 and 25 m are on 
the unpaved road. From about 30 m away from the track, the ground is 
full of soft natural soil without much disturbance, while at the places 
close to the embankment, the ground soil could have been influenced by 
the construction before, such as pile-driving. In addition, the soil 
properties in Fig. 2 were acquired from a borehole about 150 m away 
from the test location. The actual soil properties at the test location 
could be locally different. Therefore, the soil properties in Fig. 2 mainly 
serve as references in this modelling. 

Modelling approach 

Model overview 

The main part of the model, with the structure of Fig. 2, is 108 m in 
the train’s moving direction, as shown in Fig. 3(a). The two rails of a 
track are extended with simplified supports at the two ends of the main 
part in order to properly consider the effects of the trains when they 
approach and leave the main part, while limiting the overall model 
within reasonable size to be computationally efficient. At the 
approaching end, the rails are extended 240 m so that a train of 200 m 
long (CRH380A or CRH380B) can run from there onto the main part. At 
the leaving end, the rails are extended 400 m in order to allow the train 
to run for a sufficiently long time so that the train-induced vibration and 
wave phenomena can be fully developed in the main part. Thus, the 
model is in total 748 m long. The train speed can be defined to simulate 
accelerating, steady-state moving and braking. The double-track Bei
jing-Shanghai high speed line is symmetrical in the train’s moving di
rection, thus only one track and half embankment, as well as half 
foundation and half supporting soil layers are modelled, as shown in 
Fig. 3 (a). 

Train modelling 

In the train modelling, the train consists of 8 vehicles. For each 
vehicle, the carbody, two bogies and the secondary suspensions are 
together lumped into 8 equal mass points. The 8 wheels are lumped into 
8 mass points accordingly. The primary suspensions are modelled as 
springs and dampers connecting the 8 pairs of mass points, as shown in 
Fig. 3(b). 

The displacements of the mass points are constrained in the lateral 
direction (Y-direction, as shown in Fig. 3(a)). In the longitudinal di
rection (X-direction, i.e., train’s moving direction), all the mass points 
are coupled together traveling with the same longitudinal train speed, 
and no relative longitudinal movement is allowed between the mass 
points. In the vertical direction (Z-direction), there is no special 
constraint on the mass points. The vehicle length L, bogie spacing Lb and 
axle spacing La are 25 m, 17.5 m and 2.5 m, respectively. 

Track structure and wheel-rail contact 

The two rails are modelled with beam elements. The fasteners are 

Fig. 5. Soil surface vibration as the increase of distance from the track: (a) PPV; (b) KBFmax. (At each measurement location, there are 10 circles and each circle 
represents one train passage. The pink error bar along with the average value at each location is the standard deviation of the measurement data). 
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Fig. 6. Measured and simulated history of vertical velocities at various locations during the passage of an 8-carriage high-speed train at the speed of 300 km/h.  
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modelled as springs and dampers. The parameters of the fasteners of the 
main part are as determined in [32]. For the fasteners at the approaching 
and leaving parts, the parameters are obtained by trial simulations to 
ensure that their rail deflections are at the same level as that of the main 
part to avoid unphysical disturbances at the transitions between the 
main part and the extended parts. The other components, namely, the 
slab, CA mortar layer and the base plate are all modelled with 8-node 
solid elements, as shown in Fig. 3(c). 

The wheel-rail contact is defined as the wheel mass points moving 
along the rails. The vertical contact force F is 

F = Kh⋅(Zw − Zr − δ) (1)  

where Kh is the contact stiffness, Zw is the displacement of wheel, Zr is 
the displacement of rail, and δ is the input track geometry irregularities. 
A linear contact stiffness of 1.32E9 N/m is assumed [28,34], while no 
tensile force is generated when the wheel loses contact with the rail. 

The vertical track geometry was measured over 18 km around the 
test site. Its power spectrum density (PSD) is shown in Fig. 4(a). Shown 
are also the spectra of the German railway and of the class 6 track of the 
US FRA for comparison [35–37]. The track irregularities shown in Fig. 4 
(b) were derived from the measured PSD according to [38] and they 
were input to the model. 

Embankment, pile-board structure and ground soils modelling 

The embankment, pile-board and ground soils are all modelled with 
8-node 3D solid elements, as shown in Fig. 3(d) and (e). Because there is 
no measurement data available in each layer of the embankment, the 3 
layers of the embankment have to be treated together in this simulation 
to avoid identifying the mechanical properties of each layer. 

The ground soils consist of 3 parts in this modelling: the weathered 
amphibolite layer at the bottom, the construction-influenced soil part 
and the natural soft soil part, as shown in Fig. 3(d). For the natural soft 
soil part, the surface layer (1.9 m in depth) is in fine mesh with di
mensions of 0.2 m × 0.25 m × 0.25 m. 

The 43-meter piles are plugged into the weathered amphibolite 
layer. The pile-board elements share nodes with their surrounding soil 
elements at their interfaces. Thus at their interfaces, the pile-board 
foundation and its surrounding soils have no relative displacement. In 
this coupling way, the pile-board foundation is able to transfer the dy
namic train load into the surrounding soil. Friction force between the 
pile-board foundation and the surrounding soils is included in the forces 
at the shared nodes. Possible small relative slip between the pile-board 

and the surrounding soils is ignored. Thus, at the interfaces, static fric
tion is considered instead of kinetic friction. More complex pile-soil 
interaction will be explored in the future [39]. 

Boundary considerations 

To simulate the wave propagation in an unbounded ground with the 
truncate soils in this model, perfectly-matched layers (PML) [40] and an 
approach of absorbing layers by increasing damping (ALID) [41] are 
used at the model boundaries to avoid wave reflection by absorbing 
outward waves, as shown in Fig. 3(f). Also, at the boundaries of the 
embankment, the non-reflecting boundaries are used. These measures 
ensure the absence of the spurious wave refection [23,28,42]. The 
boundaries of the perfectly-matched layers are fully constrained. 

Computational implementation 

The simulations are performed using the commercial FEM software 
ANSYS/LS-DYNA. In total, there are 3,808,376 elements and 3,984,126 
nodes. The time step is fixed at 1.22E-5 s. The calculation time for each 
case takes about 61 h by a workstation with 12-core processors. 

Validation with in situ experiment data 

In this section, the model proposed in Section 3 is validated with the 
in situ tests data. With proper parameters, the proposed model should be 
capable of reproducing the measured responses induced by passing 
trains. In this work, the parameters of vehicle, track, and pile-board 
structure are obtained from references [30,32], as listed in Table 1, 
Table 2 and Table 3. The parameters of embankment and ground soils, as 
well as fasteners at approaching and leaving parts, as listed in italic in 
Tables 2 and 3, are obtained by trial simulations after decent agreements 
have been reached when comparing numerical results and experimental 
results. 

Parameters obtained by trial simulations 

The parameters of the vehicle are listed in Table 1 [30]. 
The track slab, CA mortar, base plate, embankment and the ground 

soils are all modelled with linear elastic materials. The parameters of the 
track and substructures are listed in Table 2 [32]. 

The classical Rayleigh damping method is applied for all the com
ponents with solid elements in this modelling. The damping matrix C is 

Fig. 6. (continued). 
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Fig. 7. Measured and simulated vertical velocities in frequency domain at various locations with the train speed of 300 km/h (Grey band is the combination of the 
outlines of the spectral peaks of all the measured 10 passages). 
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given as a linear combination of mass matrix M and stiffness matrix K: 

C = αM + βK (2)  

where α and β are constants of proportionality. 
The constants of proportionality for each component in this model 

are obtained by trial simulations, as listed in italic in Table 2. 
As mentioned above, the properties of the fasteners at the 

approaching and leaving parts are different from that of the fasteners at 
the main part. The parameters of fasteners are listed in Table 3 [32]. 
Moreover, in different cases, the properties of the fasteners at the 
approaching and leaving parts are adjusted accordingly to make sure 
that there is no unphysical disturbances introduced at the two 
transitions. 

Comparison of experimental and numerical results 

PPV and KBFmax 
The peak particle velocity (PPV) and the weighted vibration severity 

KBF(t) are two usual indicators to access the effect of vibration 
[1,23,43]. PPV is defined as the maximum absolute amplitude of the 
velocity time signal: 

PPV = max|v(t)| (3) 

Weighted vibration severity KBF(t) is the time-averaged signal 
(running root mean square) of KB(t), defined as: 

KBF(t) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
τ

∫t

0

KB2(ξ)e− (t− ξ)/τdξ

√
√
√
√
√ (4)  

where the time constant τ is 0.125 s, and the weighted velocity signal KB 
(t) is obtained by passing the original velocity signal through the high- 
pass filter: 

|HKB(f )| =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (f0/f )2
√ (5)  

where the cut-off frequency f0 is 5.6 Hz. The maximum absolute 
amplitude KBF(t) is denoted as KBFmax: 

KBFmax = max|KBF(t)| (6) 

The PPVs and the KBFmax of the soil surface vibration at the 8 

measurement locations are presented in Fig. 5 for the 10 train passages 
passing at around 300 km/h. 

It can be seen from Fig. 5(a) that the measured vertical PPVs 
generally decrease as a function of the distance from the track. This 
attenuation was usually fitted with exponential decay functions [1,23] 
or polynomial equations [31]. The orange dash line is an example of the 
fitting with an exponential decay function. Yet, at the place about 30 m 
(25 ~ 40 m) away from the track, as shown in Fig. 5(a), there is an 
obvious rebound in these measurements. This phenomenon of local vi
bration amplification was also observed in the measurements in [31] 
and [44]. In [31], the measurements were also conducted at a site along 
the Beijing-Shanghai high speed railway line, while in [44], the mea
surements were performed in a normal railway with train speed from 20 
to 80 km/h. The local vibration amplification will be further discussed in 
Section 5.3. Fig. 5(b) presents the measured KBFmax changing as a 
function of the distance from the track. The attenuation of the KBFmax as 
the increase of distance is quite similar to that of the PPV. 

With the model in Section 3 and the parameters in Section 4.1, both 
the attenuation of PPV and that of KBFmax as the increase of distance 
from the track are successfully simulated, as shown with the blue solid 
lines in Fig. 5. The rebounds are also reproduced for the two different 
indicators, even though not perfectly. 

Comparison in time domain 
It is observed that the measured surface vertical velocities are similar 

for all the 10 train passages, no matter the train consists of 16 carriages 
or 8 carriages. This similarity will be shown in Figs. 7 and 8. Thus, a 
typical 8-carriage CRH380A with measured PPVs close to the average 
values (see Fig. 5(a)) is chosen for comparison since in our FE model, the 
train consists of 8 vehicles. 

Fig. 6 presents the comparison of the experimental and numerical 
vertical velocities at the 8 locations in time domain. 

It can be seen from Fig. 6 that the numerical results correspond 
closely to the experimental results, both in magnitude and shape. At the 
embankment shoulder (3 m away from the track), the response to the 
passing of each wheelset is visible, and the numerical result and the 
experimental result match each other well, as shown in Fig. 6(a). At the 
other places, except the places of 20 m and 30 m, the numerical results 
match generally well with the experimental results. At the measurement 
point of 20 m, the experimental result is overestimated in the simulation. 
It is possibly because the barrier/fence and unpaved road are not well 
considered in this simulation. At the measurement point of 30 m, the 
numerical result is a bit smaller than the experimental result in 

Fig. 7. (continued). 
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magnitude, thus this simulation underestimates the vibration rebound at 
the place of 30 m from the track. The reasons to this local vibration 
amplification will be discussed in Section 5.3. 

Comparison of frequency contents 
Fig. 7 shows the comparison in frequency domain. 
It can be seen in Fig. 7 that, at each measurement point, the vibration 

is usually below 50 Hz. The content above 50 Hz is relatively weak. At 
the place close to the track (3 m), there are still some responses in the 
range of 50–80 Hz, while when the distance from the track is 15 m or 
farther, the high frequency content of 50–80 Hz is almost gone due to the 
effect of soil damping. 

Another frequency-domain characteristic of the measurements is 
that the spectral peaks are all at the integral multiples of the vehicle 
passing frequency, namely: 

f = nV/L (7)  

where V is the train speed, L is the vehicle length, n = 1,2,3,… 
The amplitudes of the spectral peaks vary to a limited extent for the 

measured 10 passages, as shown with the narrow grey bands in Fig. 7. 

Therefore, it is concluded that all the measurements of the 10 passages 
have similar frequency-domain responses. The frequency-domain soil 
responses induced by a 16-carriage train are quite close to those induced 
by an 8-carriage train. 

These findings from analysing the ground vertical velocities are 
consistent with the results of [32] where the measured ground vertical 
accelerations were analysed. 

From Fig. 7, it can be seen that, in general, the spectral peaks in the 
experimental results are well reproduced in the numerical results. The 
differences between the numerical results and experimental results are 
mainly in the relative amplitudes of the spectral peaks. As reported in 
[45,46] where the measurement points are on the sleepers, the relative 
amplitudes of the spectral peaks are determined mainly by the train 
geometry and the relative amplitudes of the wheel loads, as well as the 
track structures. In this experiment, the measurement points are on soil 
surface, the soil properties can also influence the relative amplitudes of 
the spectral peaks. In the experiments, the wheel loads could vary 
because of the uneven carriage weight distribution and the different out- 
of-roundness of each wheel. But the influence of different wheel loads in 
this experiment should be very limited because the 10 passages have 
close amplitudes of spectral peaks (see the grey bands in Fig. 7). Thus, 

Fig. 8. Soil responses histories at various locations of a typical 16-carriage train and an typical 8-carriage train with train speed both at 300 km/h. (a) 3 m; (b) 20 m; 
(c) 30 m; (d) 50 m. 
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the differences in terms of the relative amplitudes of spectral peaks 
between the numerical results and experimental results should probably 
mainly be attributed to the soil properties. The influence of soil prop
erties on the relative amplitudes of spectral peaks will be investigated in 
the future. 

With the observations from in Figs. 6 and 7, it can be concluded that 
the proposed model can simulate the ground vibrations induced by a 
typical high speed train. 

Discussions 

Soil responses with different number of vehicles 

In this in situ experiment, a 16-carriage train is two 8-carriage trains 
coupled with each other. In frequency domain, the16-carriage trains 
have quite similar soil responses to those of 8-carriage trains, as shown 
with the grey bands in Fig. 7. They also have similar responses in time 
domain, as shown in Fig. 8 below. 

Fig. 9. Soil responses at 3 m with various number of vehicles. (a) in time domain; (b) in frequency domain.  
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Fig. 10. Simulation results with or without pile-board foundation. (a) 3 m in time domain; (b) 3 m in frequency domain; (c) 15 m in time domain; (d) 15 m in 
frequency domain; (e) 30 m in time domain; (f) 30 m in frequency domain; (g) 50 m in time domain; (h) 50 m in frequency domain. 
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It can be seen in Fig. 8 that the magnitudes are all quite similar be
tween the responses to the 16-carriage trains and the 8-carriage trains. 
The soil responses induced by a 16-carriage train just lasted longer in 
time than that of an 8-carriage train. 

Fig. 9 further compares the soil responses at 3 m with vehicle 
numbers from 1 to 16. 

In Fig. 9(a), the soil responses at 3 m induced by various number of 
vehicles are extracted from the soil response of a typical 16-carriage 
train according to the visible passing wheelsets. It can be seen from 
Fig. 9(b) that, with more vehicles, the spectral peaks get narrower and 
more prominent. While with fewer vehicles, the spectral peaks become 
broader. When there is only one vehicle, the spectral peaks are round, 
and the vehicle passing frequency is not the same as that of the soil 
responses induced by 8 or more vehicles, as shown in the inset of Fig. 9 
(b). Too few vehicles cannot make the spectral peaks as the integral 
multiples of the vehicle passing frequency. 

The spectral peaks with 8 vehicles are almost identical to those with 
16 vehicles both in magnitude and shape, thus the soil responses of an 8- 
carriage train is representative for that of a 16-carriage train in this 
research. 

Influence of pile-board foundation 

The influence of the pile-board foundation on the ground vibration is 
investigated by comparing the simulation results with and without the 
pile-board foundation. In the condition without the pile-board founda
tion, the space of the pile-board foundation is replaced by the 
construction-influenced soil. The comparison is shown in Fig. 10. 

It can be seen from Fig. 10 that, if there is no pile-board foundation, 
the ground vibration will be considerably larger. At the embankment 
shoulder (see Fig. 10(a)), the vertical vibration velocity has increased 
about 30% when the pile-board foundation is missing. While at the place 
15 m away from the track, instability appears when the train approaches 
and leaves the main part of the model, as shown in Fig. 10(c). This is 
probably because the ground stiffness is too low for a high speed train’s 
passing-by when the substructure has no pile-board foundation. The 
pile-board foundation is able to improve the ground stiffness and make 
the substructure stronger with higher loadbearing capacity. 

From Fig. 10(b), (d), (f) and (h), it can be seen that, the enlarged 
ground vibration is mainly contributed from the low frequency contents 
below 15 Hz. This is possibly because the pile-board foundation has the 
ability to introduce the vibration and waves into deeper ground soil, 
especially the waves with low frequencies. Then much more soil par
ticipates in the vibration and more soil damping takes effect, thus to 
more significantly attenuate the ground vibration. While for the high 
frequency contents, due to their short wavelengths and travelling along 
the shallow ground surface, the influence of the pile-board foundation is 
relatively small. It is worth mentioning that, when there is no pile-board 
foundation, the spectral peaks are still almost all at the integral multiples 
of the vehicle passing frequency. 

Local vibration amplification 

The amplification of seismic waves at a specific site may involve 
many factors, such as local geometric conditions, soil layer thickness, 
soil mechanical properties, impedance contrast between different soils 
[47–51]. Train-induced ground vibration propagates as waves. Thus, the 
vibration amplification at 30 m in this experiment is possibly related to 
some of these factors. 

In the trail simulations, it is found that one of the most important 
influential factors on the local vibration amplification at 30 m is the 
Young’s modulus of the natural soft soil. In Fig. 11, the influence of the 
Young’s modulus of the natural soft soil on the amplification of the 
vertical PPV is investigated. 

Fig. 10. (continued). 

Fig. 11. Variation of vertical PPV with distance in terms of different Young’s 
modulus of the natural soft soil. 
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As shown in Fig. 11, the Young’s modulus of the natural soft soil is 
varied from 10 MPa to 90 MPa (see the solid lines) while the other pa
rameters in Section 4.1 are unchanged. The case of ‘90 MPa’ in Fig. 11 
means that the ground soil above the weathered amphibolite layer is 
homogenous. It can be seen from Fig. 11 that the softer natural soil, the 
larger the local amplification. 

Another case considered in Fig. 11, as shown with the black dash 
line, is a combination of 120 MPa and 10 MPa for the Young’s modulus 
of the construction-influenced soil and the Young’s modulus of the 
natural soft soil, respectively. In this case, the impedance contrast be
tween the construction-influenced soil and the natural soft soil is larger 
than that of the other cases. It looks that this case is not offering a better 
simulation result, but it indicates that larger soil impedance contrast 
makes larger vibration amplification. 

When the Young’s modulus of the natural soft soil is lower than 10 
MPa, the local amplification can be even larger. To simulate wave 
propagation in soil with lower modulus will need finer mesh which re
quires a much larger number of elements, demanding higher computa
tional cost. 

Soil stratification causes ground vibration amplification in the usual 
sense. For that, many trial simulations were performed with the soil 
being considered consisting of multiple layers, for both the natural and 
construction-influenced soils. The layer thickness and material proper
ties were varied. No significant effects of the layers were observed on the 
amplification. One such case is shown with the black solid line in Fig. 12 

(c), with the soil layer dimensions and soil properties shown in Fig. 2. It 
indicates that soil stratification is not the main cause of the local vi
bration amplification in this experiment. 

It worth mentioning that, there is a shallow trench (less than 0.5 m in 
depth) at about 27 m and a concrete barrier at about 17 m away from the 
track, as shown in Fig. 1. These geometric discontinuities can also affect 
the ground vibration. An open trench has long been considered as a 
mitigation measure for ground vibration [52,53]. Thompson, et al. [54] 
investigated the effectiveness of an open trench by using a 2.5D FE-BE 
method. It concluded that, a trench works as a wave barrier and the 
depth is the most important parameter while the width has a small in
fluence. Dijckmans, et al. [55] investigated the effectiveness of a sheet 
pile wall in soft soil on the railway induced ground vibration, and it 
found that, the efficacy of a stiff wave barrier is determined by the depth 
and the stiffness contrast with soil. Thus, extensive trial simulations 
were also performed, considering a trench and a stiff barrier, with a 
broad range of depth and width, as well as material properties. Indeed 
increasingly obvious effects of the trench and the stiff barrier on the 
amplification were observed with the increasing depth, but the effects 
were negligible when the depth was less than 0.5 m. An example is 
shown with Case G1 in Fig. 12. The dimensions and the position of the 
open trench is illustrated in Fig. 12(a) and the simulation result is shown 
with the pink solid line in Fig. 12(c). The shallow trench has negligible 
effect on the ground vibration. Another example is about the concrete 
barrier, as shown with the Case G2 in Fig. 12(b). It can be seen from the 

Fig. 12. Variation of vertical PPV with distance in terms of soil stratification and geometric discontinuity.  
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blue solid line in Fig. 12(c) that, the concrete barrier with a depth of 2 m 
imposes an apparent reduction on the ground vibration at behind the 
barrier, and also has negative effect on the ground vibration at locations 
from 25 to 40 m. In addition, the concrete barrier is usually very shallow 
and its actual depth is even less than 0.5 m. Therefore, neither the 
shallow trench nor the concrete barrier is the main cause of the local 
vibration amplification in this experiment. 

In the future, the proposed model will be employed to investigate the 
influences of various factors, such as track irregularities, varying soil 
properties and the associated nonlinearities [56], and especially the 
transition zone between the construction-influenced soil and the natural 
soft soil, so as to facilitate the development of vibration isolation and 
attenuation methods. 

Conclusions and future work 

In this work, an explicit time-domain, fully coupled 3D dynamic 
train-track-embankment-piles-soil FE model is developed and validated 
with in situ experimental results. Good agreements between numerical 
and experimental results have been achieved both in time domain and 
frequency domain. The dynamic ground responses induced by a typical 
high speed train have been successfully simulated. 

The soil responses induced by different number of vehicles in a train 
are compared. It is demonstrated that with more vehicles, the spectral 
peaks of the responses are more prominent at integral multiples of the 
vehicle passing frequency. Too few vehicles will not bring about such 
phenomenon thus sufficient number of vehicles should be included in a 
train to properly model train-induced ground vibration. It is shown that 
8 vehicles, each with 4 axles, are enough for such a purpose. 

The influence of the pile-board foundation on the ground vibration is 
investigated. It is found that the pile-board foundation can significantly 
attenuate the ground vibration, especially the low frequency contents. It 
is probably because the pile-board foundation can improve the ground 
stiffness and also introduce the propagating waves into deeper ground 
soil thus more soil damping takes effect. 

In the experiment, at the place about 30 m from the track, the soil 
surface vibration was amplified. With the proposed model, efforts are 
made to identify the factors influential to the local vibration amplifi
cation. It is found that the softer natural soil, the larger amplification. 
Larger soil impedance contrast makes the amplification more obvious. 
The soil stratification and geometric discontinuity at ground surface, 
which are the causes of local vibration amplification in the usual sense, 
are not the main cause in this work. 

Further study is needed to gain more insight into the factors that 
determine the local vibration amplification. The model can then be used 
for better understanding of train-induced ground vibration, so as to 
design effective isolation and attenuation methods. 
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