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ABSTRACT: The problem of ground dynamic response to a high-speed trainload has received much research
attention in the literature, ranging from simplified analytical studies for elastic half-space to sophisticated
numerical studies for layered or improved grounds. While most studies have focused on the dynamic response of
a ground to a particular trainload, limited attention has been paid to comparing the dynamic response of a ground
to different trainloads. In this study, we simulate the dynamic response of a layered ground to the passage of X2000
and Shinkansen trainloads. The obtained results are then compared to gain an understanding of how the ground
responds to different trainloads. It is found that because the X2000 train and the Shinkansen train differ in carriage
weights, carriage lengths, bogie distances and axle distances, they produce two trainloads whose magnitude and
distribution of axle loads are different. As a consequence, they result in a difference in the surface deflection and
displacement amplitudes. The difference in displacement amplitudes between the two train cases happens not only
at the critical speed but also at all other considered train speeds (from 72 km/h to 360 km/h). On the other hand,
although the X2000 train and Shinkansen train produce 2 trainloads that are different in magnitude and distribution
of axle loads, they still result in the same critical speed of 252 km/h. This implies that the critical speed does not
depend on the trainload type. Instead, it depends mainly on the specific wave propagation characteristics of the
ground.
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1. INTRODUCTION While most of the cited studies have focused on
the dynamic response of a given ground to a particular
For long-distance travel, the comfort and energy trainload, limited attention has been paid to
efficiency associated with railway transport have comparing the dynamic response of a ground to
made this transport system very competitive when different trainloads. Specifically, for a given area with
compared with air and road transport. Therefore, in a specific ground condition, there may be some train
recent decades, more and more high-speed railway types running through this area. Each train type has
lines have been constructed in many countries around specific carriage weights, carriage lengths, bogie
the world [1-4]. Besides the advantages of railway distances and axle distances. Therefore, different
transport, there are also adverse problems arising train types produce trainloads whose magnitude and
from high-speed railway traffic. Among them is the distribution of axle loads are different. These
problem of train-induced ground vibration. trainloads thus contain different frequency excitation
Trains generate ground vibration when they run at content and may excite different modal modes of
high speeds. The intensity of ground vibration ground vibration. This implies that the trainload type
generally becomes larger as the train speed increases. may have a significant influence on the characteristics
Especially when the train speed is comparable to of ground vibration.
some natural wave speeds of the ground, the ground In this study, we simulate the dynamic response
vibration is particularly high [5,6]. For a given of a layered ground to the passage of X2000 and
trainload and ground condition, a train speed at which Shinkansen high-speed trains. The obtained results
the trainload causes maximum ground response is are then compared and discussed to gain an
called a critical speed. Both theory findings and field understanding of how the ground responds to
observations have shown that the intensive ground different trainloads.
vibration induced when trains run at high speeds
really raises a safety concern for high-speed trains [6- 2. RESEARCH SIGNIFICANCE
8]. Therefore, the analysis of ground vibration caused
by the passage of a high-speed train has received The preceding literature review indicates that
much research attention in the literature, ranging from while most studies have focused on the dynamic
simplified analytical investigation for elastic half- response of a given ground to a particular trainload,
space [9,10] to sophisticated numerical investigation limited research attention has been paid to the
for layered grounds [6,11,12] and improved grounds dynamic response of a ground to different trainloads.
[13-15]. Therefore, we compare the dynamic response of a
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layered ground to the passage of X2000 and
Shinkansen trains. Because these trains differ in
carriage weights, carriage lengths, bogie distances
and axle distances, they represent 2 trainloads whose
magnitude and distribution of axle loads are different.
The significance of this study is therefore to provide
an understanding of how the trainload type affects the
characteristics of ground vibration, in particular the
critical speed, surface deflection and vibration
amplitudes.

3. TRAINLOADS, GROUND PROFILE AND
FINITE ELEMENT MODEL

3.1 Trainloads

Two train types selected in this study are X2000
and Shinkansen, which have been commonly used in
previous studies [6,11,12,16]. Their trainloads are
shown in Fig. 1 and Fig. 2. For high-speed railways,
the contact surface between rails and wheels is of very
high quality; this study therefore assumes that the
contact between rail and wheel is perfect and that the
axle loads act on the rails as constant-magnitude
moving loads. Besides, a train can have many
carriages. However, in this study, the number of
carriages is assumed to be 5 carriages. According to
Thach [16], this number of carriages should be
enough to represent a full-length train with many
carriages; if more train carriages are used, we still get
the same result, but the computational cost may
increase significantly. When comparing the two trains,
it can be observed that they have different carriage
weights, carriage lengths, bogie distances and axle
distances. Therefore, they represent two trainloads
whose magnitude and distribution of axle loads are
different.

(a) Illustration

Moving direction
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Fig. 1 X2000 train
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Fig. 2 Shinkansen train
3.2 Ground Profile

The ground profile in reference [6] is assumed in
this study. It is a layered ground as shown in Fig. 3,
which includes ballast, sand 1, clay 1, clay 2 and sand
2 overlaying on the bedrock. Material parameters are
given in Table 1; in which, p, VS and VR are mass
density, characteristic shear wave speed and Rayleigh
wave speed, respectively.

20m 2m 6m 2m 20m
(0.9 m
1 12m
8.0m
6.0 m
Sand 2 30m
y
Fig. 3 Ground profile
Table 1. Material parameters
Material P Vs VR
(kg/m?®) (m/s) (m/s)
Ballast 2000 210 194.8
Sand 1 1900 63 58.5
Clay 1 1800 60 55.7
Clay 2 1800 87 80.7
Sand 2 1850 98 90.9
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3.3 Finite Element Model

Fig. 4 shows the finite element model, which is built
with the aid of the program ABAQUS [17]. The
complex geometry of ballast and soil layers is meshed
by C3D8R elements, which are 8-node hexahedral
finite elements with reduced integration and
hourglass control [17,18]. At the bottom of the model,
a fixed boundary condition is used to represent the
bedrock. On 4 sides of the model, if a fixed boundary
condition is used, waves generated by a trainload will
be reflected on the boundary and consequently result
in a meaningless response at observation points of
interest. To minimize the influence of wave reflection,
we create an absorbing boundary condition on the
model sides by using CIN3D8 elements, which are
infinite elements that are capable of absorbing elastic
waves hitting normal to the element face [17,19]. The
model has a total of 4592700 finite elements and
93312 infinite elements.

Because soils are multi-phase materials that
generally consist of solid, liquid and air phases, the
real behavior of soils under dynamic loading is very
complex. As a consequence, many studies on train-
induced ground vibrations have simplified the
complexity by modeling soils as single-phase
materials [9-16]. Based on this simplification, this
study assumes that the materials are single-phase and
behave elastically with three material parameters:
mass density, shear wave speed and Rayleigh wave
speed [20]; whose values are given in Table 1.
Rayleigh damping is wused to represent all
mechanisms of energy dissipation [17,21], in which
the mass and stiffness proportional damping
constants are selected to provide damping ratios of
3% to 6% in the frequency range of 3 Hz to 40 Hz. A
lumped mass model is used to represent the
continuous distribution of mass within each finite
element [17,21]. The finite element equations of
motion are integrated numerically by the explicit half-
step central difference method [17-19].

For a trainload with a particular moving speed, the
ground response to the trainload is simulated in two
major steps. First, the trainload is transferred to the
ballast surface as a series of equivalent concentrated
forces by using the method presented in [19]. Then,
we use the finite element model presented above to
simulate the ground response to the equivalent forces.

To verify the finite element modeling approach,
we consider the problem: a unit axle load moving on
a track resting on an elastic half-space. The moving
speed is 216 km/h. The density, Rayleigh and shear
wave speed of the half-space are 1800 kg/m3, 60.3
m/s, and 65 m/s, respectively. The problem is solved
by the finite element method and an analytical
method. The finite element model of the considered
problem is shown in Fig. 5. The analytical method
was developed by [9], which provides a frequency-
domain analytical solution to train-induced ground
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vibration velocity for the case of a track resting on an
elastic half-space. Fig. 6 shows the Fourier amplitude
spectrum of vertical velocity at the observation point
resulting from both methods. It can be observed from
the figure that the finite element solution represents
the velocity amplitude at all important frequencies
well.

(a) Full model

Observation point

Fixed boundary at
the bottom

Absorbing boundaries
using infinite elements

(b) A cross section

Fig. 4 Finite element model
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Absorbing boundaries
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Fig. 5 FEM model of the verification problem
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Fig. 6 Amplitude spectrum of vertical velocity
4. RESULTS AND DISCUSSION

4.1 Critical Speed

Let’s focus on the observation point marked in Fig.

4, which represents a location on the ballast surface.
When each train passes this point, its vertical
displacement time history is recorded and presented
in Fig. 7 (X2000) and Fig. 8 (Shinkansen) for 9 cases
of train speed ranging from 72 km/h to 360 km/h. For
each time history in Fig. 7 and Fig. 8, the largest
positive and negative displacement values are
selected. These values are summarized in Fig. 9 as
displacement amplitude versus train speed.

It can be observed from Fig. 9 that, for the X2000
train, the ground surface displacement is maximally
amplified at a speed of 252 km/h. This observation
indicates that the critical speed is 252 km/h. At this
critical speed, the negative and positive displacement
amplitude are 6.4 mm and 0.8 mm, respectively. Fig.
9 also indicates that, for the Shinkansen train, the
critical speed is 252 km/h and at this critical speed,
the negative and positive displacement amplitude are
5.8 mm and 1.6 mm, respectively. Thus, both trains
result in a critical speed of 252 km/h.

The above observations imply that although
X2000 and Shinkansen produce 2 trainloads whose
magnitude and distribution of axle loads are different,
they still result in the same critical speed. In other
words, the critical speed does not depend on the
trainload type, instead, it depends mainly on the
specific wave propagation characteristics of the
ground.

4.2 Surface Deflection and Vibration Amplitudes

The time histories in Fig. 7 and Fig. 8 are
converted to spatial coordinates through the
relationship d = -vt, where d is the distance along the
rail track, v is the train speed and t is the time. The
conversion results are presented in Fig 10 for the
X2000 train and Fig. 11 for the Shinkansen train. It
should be noted that each graph in Fig. 10 and Fig. 11
is just a ground surface deflection beneath the
trainload, which moves with the train.
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Fig. 7 Displacement time history (X2000)
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Fig. 8 Displacement time history (Shinkansen)
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Fig. 9 Displacement amplitude versus train speed

It can be observed either from Fig. 10 or Fig. 11
that the surface deflection for the cases of train speed
72, 108, 144 and 180 km/h is similar in shape and
almost only has negative displacement. This
observation indicates that when the train speed is low,
the ground behaves quasi-statically, namely the
displacement field is similar to a static displacement
field caused by the train that is at rest. The quasi-static
displacement field is illustrated in Fig. 12 for the
Shinkansen train. For the cases of train speed greater
than 180 km/h, the surface deflection is not similar in
shape and has both negative and positive
displacements. This observation indicates that when
the train speed is high, the ground behaves
dynamically and the trainload generates waves
propagating on the ground surface as illustrated in Fig.
13 for the Shinkansen train.

The surface deflection at the critical speed of 252
km/h from 2 train cases is compared in Fig. 14. From
this figure, the following can be observed. For the
X2000 case, the peak displacement in the last carriage
is significantly higher than that in the remaining
carriages. For the Shinkansen case, the peak
displacements in all carriages are nearly equal. The
X2000 case gives a larger maximum displacement
than the Shinkansen case.

These observations can be interpreted as follows.
For the X2000 case, because the weight of the last
carriage is significantly larger and the bogie distance
is shorter than that of the remaining carriages, the
magnitude and distribution pattern of the axle loads
in the last carriage differ from the remaining carriages,
thus making the displacement peak in the last carriage
the largest. For the Shinkansen case, because the
carriages have similar weights and bogie distances,
the displacement peaks among the carriages are quite
equal in magnitude.
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Fig. 13 Displacement field at a high train speed

X2000
Shinkansen
2 =
O L
=
g
52t
=)
Q
8
&4
o
6 k
0 50 100 150 200 250

Distance (m)
Fig. 14 Comparing surface deflection at 252 km/h

Besides, because the last carriage of the X2000
train weights 723 kN while each carriage of the
Shinkansen train weights 600 kN only, the X2000
train results in a larger maximum displacement than
the Shinkansen train (6.4 mm vs. 5.8 mm). The
difference in displacement amplitudes between the
two train cases happens not only at the critical speed
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but also at all other train speeds as can be observed
clearly in Fig. 9.

The above observations indicate that the surface
deflection and vibration amplitudes are influenced by
the trainload type. More specifically, the X2000 and
Shinkansen differ in carriage weights, carriage
lengths, bogie distances and axle distances, so they
produce two trainloads whose magnitude and
distribution of axle loads are different. As a
consequence, they result in a significant difference in
the surface deflection and vibration amplitudes.

5. CONCLUSION

Trainload type has a significant influence on the
train-induced surface deflection and ground vibration
amplitudes. Because the X2000 train and the
Shinkansen train differ in carriage weights, carriage
lengths, bogie distances and axle distances, they
produce two trainloads whose magnitude and
distribution of axle loads are different. As a
consequence, they result in a difference in the surface
deflection and displacement amplitudes. The
difference in displacement amplitudes between the
two train cases happens not only at the critical speed
but also at all other considered train speeds (from 72
km/h to 360 km/h).

Although the X2000 train and Shinkansen train
produce 2 trainloads that are different in magnitude
and distribution of axle loads, they still result in the
same critical speed of 252 km/h. This implies that the
critical speed does not depend on the trainload type,
instead, it depends mainly on the specific wave
propagation characteristics of the ground.
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