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ABSTRACT 

The development of the tilting train can contribute to solve the economic burden and enhance the transportation means 
of areas that did not share the benefits of the high speed railway. But the dynamic behavior caused by the interaction 
between the train and the track as well as the environmental vibrations along the railway should be evaluated to secure 
the safety of the train and riding comfort. In this paper a study on the characteristics for ground vibration due to the tilt-
ing train travelling in the conventional line are carried out. The transmitted load into the ground is computed through a 
study on the interrelation between the tilting car and the line. This load is applied into the numerical model which is one 
for the analysis of ground vibration due to the travelling tilting car. The far fields on the numerical model are formed by 
the absorbing boundary using dashpot, one of the most widely used absorbing boundary in finite element analysis. Us-
ing this numerical model, the analysis of the ground vibration characteristics caused by travelling tilting car is per-
formed. From the analysis, it is shown that the transferred load due to the tilting train is larger than that of the conven-
tional train. 
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1. Introduction 

The Gyeongbu High Speed Railway in Korea increased 
significantly the speed of the national railway network in 
a will to reduce the transportation cost of goods and 
boost the national competitiveness. However, its con- 
struction required tremendous cost and time. Besides, the 
development of the semi high speed/high speed tilting 
train together with the reshuffling of the alignment to 
improve the speed while using the existing line make it 
possible to exploit the established infrastructure. This 
new option can thus contribute to solve the economic 
burden and enhance the transportation means of areas 
that did not share the benefits of the high speed railway 
like the Jungang Line, Yeongdong Line and Taebaek 
Line in Korea. Improving the speed by reshuffling the 
alignment can be achieved by adopting an appropriate 
cant to prevent the overturning of the vehicle or the loss 
of riding comfort caused by the centrifugal force in the 
curved section or by flattening the curve to make it prac- 
tically straight but such solutions are not only expensive 
but their applicability is also very limited due to the to- 
pographical conditions at hand. Following, adequate so- 
lutions should be conceived for the train rather than for  

the track. The development of the tilting train may con- 
stitute such solution with significantly reduced cost while 
providing a degree of comfort comparable to the high 
speed train by tilting inward the track as a pendulum in 
the curved section so as to offer riding stability and 
comfort to the passenger.  

However, the replacement of the existing train running 
currently at maximum operating speed of 130 km/h by 
the tilting train traveling at speed beyond 200 km/h will 
change the operating environment. This stresses the ne- 
cessity to implement performance evaluation of the ex- 
isting track crossed by the tilting train including the ex- 
amination of the wheel force and lateral force on the 
track, the safety and the riding stability in curved section. 
In addition, the dynamic behavior caused by the interac- 
tion between the train and the track as well as the envi- 
ronmental vibrations along the railway should also be 
evaluated to secure the safety of the train and riding 
comfort.  

There is thus a serious need in investigating thor- 
oughly the vibration mechanism induced by the interac- 
tion between the rail and wheel of the tilting train that 
will run at high speed on the existing track structure and 
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the characteristics of the ground vibration transmitted to 
the neighboring structures through the ground during the 
crossing of the train. Accordingly, this study intends to 
examine the characteristics of ground vibration caused by 
the travelling of the tilting train. 

The load transmitted to the ground during the traveling 
of the train is computed by means of the dynamic model 
analysis of the track and train considering the traveling 
characteristics of the tilting train. The results of the 
analysis are then used to identify the loading mechanism 
and its characteristics. The infinite ground is modeled by 
numerical element domains by adopting absorbing boun- 
daries using viscous dampers. The computed transferred 
load is applied to the numerical model to perform nu- 
merical analysis. And the corresponding results are ex- 
ploited to identify the propagation characteristics of the 
ground vibration due to the tilting train.  

2. Computation of the Transferred Load  
Considering the Dimensional and  
Traveling Characteristics of the Tilting  
Train 

When the train crosses a straight section, the left- and 
right-side wheel loads have identical size and are trans- 
ferred to the ground through the rails. However, in a 
curved section, the left- and right-side wheel loads have 
different sizes because of the centrifugal force and the 
tilting of the train due to the adjusting cant and are trans- 
ferred to the ground through the rails. Especially, in the 
case of the tilting train crossing the curved section at 
higher speed than existing conventional trains, the occur- 
ring wheel loads present a pattern different to that of 
conventional trains due to the difference in the dimen- 
sions of the train accompanied with the increase of the 
centrifugal force and the additional tilting brought by the 
tilt angle. Accordingly, since the characteristics of the 
vibration propagating to the ground may also differ, the 
traveling characteristics of the tilting train must impera- 
tively be reflected in the ground vibration analysis. 

This study computes the size of the wheel loads con- 
sidering the dimensions of the tilting train, the centrifugal 
force and the tilt angle so as to calculate the load trans- 
ferred to the ground during the crossing of a curved sec- 
tion. 

2.1. Modeling of the Train and Track 

The train can be modeled as a two-mass model consider- 
ing the mass of the train suspension and the mass of the 
train body as shown in Figure 1.  

  0t t sp t wM y k y y             (1a) 

 w w sp w t HM y k y y f            (1b) 

where yt and yw are the displacements of the train body  

 

Figure 1. Two-mass model. 
 
and wheels; Mt and Mw are the masses of the body and 
wheels; ksp is the spring constant of the suspension; and, 
fH is the interaction force between the train and the track. 

The admittance as the transfer function of the system 
expressing the relation between the load input and the 
displacement output in the frequency domain computed 
from Equation (1) is formulated in Equation (2). 
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where μ = Mt/Mw; and, β2 = ksp/Mt. 
In order to compute the train load applied on the 

ground, the numerical analysis model of the track can be 
divided into continuously supported model and discretely 
supported model. Here, the track is modeled using the 
continuously supported model known to be appropriate 
for the vibration analysis in the vertical direction at fre- 
quency below 200 Hz corresponding to the ground vibra- 
tion [1]. Moreover, the track is modeled using the con- 
tinuous double-beam model of Figure 2, which can 
simulate the ballast track representing more than 90% of 
the tracks in Korea. The governing equations of the con- 
tenuous double-beam model are expressed in Equation 
(3). 

 

     

4 2
1 1

1 1 1 1 1 24 2

*
1 1 2+ i t

y y
E I m c y y

tx t

k y y F x vt e  

  
  

 
  

      (3a) 

   

4 2
2 2 2

2 2 2 24 2

* *
1 2 1 2 2 1 2 1 0

y y y
E I m c

tx t

c y y k y k y y
t

  
 

 


     


   (3b) 

where the subscripts 1 and 2 in Equation (3) indicate the 
physical properties of the rails and sleepers, respectively; 
y is the deflection; m and EI are the mass and flexural 
rigidity per unit length; and, k and c are the complex 
stiffness and viscous damping per unit length.  
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Figure 2. Modeling of track using double-beam model. 

2.2. Computation of the Transferred Load Due  
to the Travelling Tilting Train 

Figure 3 displays the basic convoy of the high speed 
tilting train composed of 6 coaches. The performances 
and dimensions of the train are arranged in Table 1. 
Table 2 lists the elevation of the center of gravity of the 
tilting train in Figure 3. 

As shown in Table 2, the elevation of the center of 
gravity is generally different per type of car. Since the 
train convoy combines these different cars, applying a 
different elevation of the center of gravity for each train 
is difficult. Assuming that the conditions of the track are 
generally identical, a train with low center of gravity has 
a higher safety factor for the overturning outward the 
rails than a train with high center of gravity [2,3]. Figure 
4 illustrates the equilibrium of the forces of the tilting 
train during the crossing of a curved section. Equations 
(4) and (5) are derived from Figure 4. 
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where P1 and P2 are the vertical wheel loads applied on 
the rails; and, G is the horizontal wheel load. 

Table 3 compares the speeds of the conventional train 
and tilting train for the former cant condition when the 
maximum cant of 150 mm is set as the adjusting cant. 

In a curved section, asymmetric wheel loads occur due 
to the adjusting cant and centrifugal force. Especially, the 
tilting train exhibits wheel loading with a pattern differ- 
ent to the conventional train because of the dimensions of 
the train and the differences in the tilt angle and cen- 
trifugal force. 

Figure 5 plots the vertical and horizontal wheel loads 
on the left and right sides calculated by Equations (4) and 
(5) for a train load of 1 ton with respect to the radii of 
curvature and maximum speeds of Table 3. In Figure 5, 
the difference in the left and right-side wheel loads of the  

Table 1. Performances and dimensions of tilting train. 

Tilting system Forced tilting by link 

Design max. speed 200 km/h 
Speed 

Max. operating speed  180 km/h 

Maximum tilt angle 8˚ 

Maximum tilting acceleration 4˚/sec 

Empty control car (Tc) 46 tonf 

Empty motor car (M1) 52 tonf 

Empty motor car (M2) 47 tonf 

Max. wheel allow. load (W2) 15 tonf 

Vehicle 
weight 

Rigid wheel base 2,600 mm or 3,000 mm 

At max. operation speed 
Acceleration limit < 1.0 m/s2 

Jerk limit < 0.7 m/s2  Riding 
comfort 

In curved section 
Horiz. acceleration < 0.8 m/s2 

Rolling acceleration < 5˚/sec 

Allow. derailment coef. <0.8 on the mean Derailment 
coef. 

Max. instantaneous coef. <1.2  

 
Table 2. Elevation of center of gravity per car. 

Car Tc M1 M2 

Empty 1.315 1.177 1.142 Elevation of center 
of gravity, H (m) 

Full 1.344 1.221 1.195 

 

 

Figure 3. Basic convoy composition of tilting train. 
 

 

Figure 4. Equilibrium at the center of gravity of the tilting 
train in a curved section. 
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R 
(m) 

Cant 
(mm) 

Max. speed of  
conventional train  

(km/h) 

Max. speed of 
tilting train 

(km/h) 

Efficiency
(%) 

400 150 92.1 107.6 16.8 

800 150 130.2 152.1 16.8 

1200 150 159.4 186.3 16.9 

 

 

Figure 5. Wheel loads in curved section. 
 
conventional and tilting trains running in a curved sec- 
tion can be clearly observed and can be attributed to the 
effect of the tilt angle with respect to the increase of the 
train speed. The difference in the left and right-side 
wheel loads reduces with the increase of the tilt angle. 
Moreover, the horizontal force of the tilting train appears 
also to be slightly larger than that of the conventional 
train but remains within the value of 0.08 g defined as 
lateral acceleration by regulations of the National Rail- 
ways. Since this difference in the wheel loads can result 
in different propagation characteristics of the ground 
vibration, this study computes the wheel loads during the 
crossing of a curved section by reflecting the results of 
Figure 5 so as to calculate the load transferred to the 
ground. 

In this study, the train load is subdivided into the 
moving wheel load and the roughness load to obtain the 
response of the track system caused by each of these 
components. The response of the track system crossed by 
the train load is expressed as the sum of these individual 
responses, and the train load is transferred to the sub- 
structure through the response of the track. In other 
words, the load acting on the rail is transferred to the 
sleeper via the rail and, the load acting on the sleeper is 
transferred to the ground via the gravel ballast. When the 
stiffness of the substructure is significantly larger than 
the track support stiffness, the load per unit length trans- 
ferred to the substructure through the track is calculated 

by Equation (6) using the properties of the rail pad and 
the deflection of the rail. 

1 1 1 1( ) ( ) ( )t t
Bf t c y t k y t              (6) 

where  t q ry y y 1 1 1  is the sum of the rail deflections 
due to the moving wheel load and roughness load; Bf ( )t  
is the train load transferred to the sleepers. More exact 
results can be obtained by performing three-dimensional 
analysis in which the train load is modeled by a moving 
point source. However, two-dimensional analysis is gen- 
erally conducted in practice due to the difficulties en- 
countered in the scope of the section to be modeled and 
analysis time [4]. Therefore, the following 2-dimensional 
equivalent plane load is calculated for the 2-dimensional 
analysis.  

point
plane ( )

( )
length of train

B
B

f t
f t            (7) 

where point ( )Bf t  is the linearly combined concentrated 
load considering the time delay in time domain due to the 
moving wheel load and roughness load. 

Figure 6 compares the PSD of the force transferred to 
the sleeper by the conventional train and tilting train ac- 
cording to the running speed in a straight section. Here, 
the peaks occur at various frequencies due to the crossing 
period of the diverse wheels. It can be also observed that 
the high frequency contents increase with higher speed. 
The maximum loads for all the running speeds occur at 
frequencies below 20 Hz. In addition, the transferred 
load caused by the tilting train appears to be larger than 
that of the conventional train. This can be simply ex- 
plained by the difference in the dimensions of the trains, 
which result in the occurrence of a larger transferred load 
induced by the tilting train for the same speed in a 
straight section. Moreover, if the traveling characteristics 
in curved section shown in Figure 5 are reflected, the 
difference in the transferred load will become larger be- 
cause of the difference in the sizes of the left and right- 
side wheel loads between the conventional and tilting 
trains. 

3. Propagation Characteristics of Ground  
Vibration Due to Traveling Train 

3.1. Propagation of Vibration in Ground 

When the vibration source is disposed on the surface of a 
uniform half-infinite ground, the vibration energy trans- 
ferred to the surface propagates by about 67% in the 
form of surface wave, 26% through shear wave and 7% 
through body wave [5]. In addition, even if the vibration 
source is disposed below the surface, the vibration en- 
ergy rising vertically toward the surface of the layered 
ground in the form of body wave meets the surface and 
propagates after having transformed into surface wave.  
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Figure 6. PSD of transferred load according to traveling 
speed of train (sleeper). 
 
Since this surface wave energy has a lower damping ratio 
than the body wave propagating directly toward the 
structure near the surface through the medium, most of 
the vibration wave at the surface can be assumed to be 
composed of surface wave. In other words, the ground 
vibration energy occurring at a point near the surface and 
located beyond a certain distance from the vibration 
source can be presumed to be due to the surface wave. 
Following, the mitigation of the ground vibration should 
imperatively be done by mitigating the transfer of the 
surface wave energy. 

3.2. Analysis of Ground Vibration Propagation  

3.2.1. Numerical Model 
In order to minimize the factors influencing the propaga- 
tion of the vibration, the considered ground is modeled as 
a single layered ground with identical properties as listed 
in Table 4. 

Since dynamic analysis of the ground like the analysis 
of vibration propagation must consider the resolution 
related to the frequency of the occurring stress wave, the 
computing-time becomes tremendously excessive in 
most cases. Accordingly, it is recommended to reduce 
the size of the elements and the analysis time step within 
the range securing the required resolution [6]. All the 
frequencies in the numerical model adopted in this study 
are distributed in a band below 20 Hz. Therefore, the 
analysis is performed using element size of 2 m and 

Table 4. Properties of track and ground. 

analysis time interval of 0.025 sec enabling to achieve a  

 
Unit weight

(t/m3) 
Poisson’s 

ratio 
Damping 

coef. 
Shear wave velocity

(m/sec) 

Ground 1.9 0.333 0.02 100 

Sleeper 2.4 0.15 0.1 2331.3 

Ballast 2.2 0.25 0.15 738.5 

 

resolution up to 20 Hz for the surface wave. Furthermore, 
the computing efforts required for the dynamic analysis 
is reduced by applying absorbing boundaries.  

3.2.2. Analysis of Propagation during the Crossing of  
a Curved Section 

When  a curved section, asymmetric  the train travels in
wheel loads occur due to the adjusting cant and the cen- 
trifugal force. Especially, the tilting train exhibits wheel 
loading with a pattern different to the conventional train 
because of the dimensions of the train and the differences 
in the tilt angle and centrifugal force. Since the pattern of 
the vibration propagation can also vary, numerical analy- 
sis is performed considering the riding characteristics in 
a curved section of Figure 5 and the loads of Figure 6. 
The analysis applies the maximum speeds of the conven- 
tional and tilting trains for the radii of curvature com- 
puted in Table 3. 

Figures 7 and 8 plot the frequency contents of the ac- 
celeration per running speed according to the distance 
from the vibration source. The frequencies are seen to 
shift toward high frequency band with higher speed be- 
cause of the characteristics of the load occurrence in 
Figure 6. Moreover, for identical speeds, the displace- 
ments and acceleration at the receiving probe appear to 
occur identical frequency bands. This last result can be 
explained by the fact that the shear wave propagates 
without mode conversion. 
 

 

Figure 7. Frequency content of acceleration of conventiona
train. 

l 
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due to the tilting train was larger than that of the conven- 
tional train. 

2) Propagation characteristics of ground vibration oc- 
curring during the traveling of train: the deflection and 
acceleration vibration level were measured to be signifi- 
cantly larger for the tilting train than for the conventional 
train when running in straight as well as curved sections. 
Especially, the vibration level appeared to be clearly lar- 
ger in the direction of the centrifugal force due to the 
adjusting cant and centrifugal force during the crossing 
of the curved section. The vibrational frequencies result- 
ing from the displacement and acceleration shifted to- 
ward high frequency band with higher train speed. For 
identical train speed, the peaks of the displacement and 
acceleration occurred at different frequencies. 

In this paper, to minimize the factors influencing the 
propagation of the vibration, the considered ground was 
modeled as a single layered ground with identical prop- 
erties. But the real ground is composed with more com- 
plicated layers, hence it is necessary to analyze the model 
which includes various layers. 

Figure 8. Frequency content of acceleration of tilting train. 

4. Conclusions 

This study investigated the mechanism by which vibra- 
tions occur in an existing track during the crossing of the 
tilting train using the dynamic models of the track and 
train. The characteristics of the propagation of the ground 
vibration produced by the running of the train were 
evaluated. The following conclusions can be drawn from 
the results. 

1) Computation of the transferred load considering the 
riding chara
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