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Abstract 

Engineering research subjects relating railway vehicle dynamics are described as a literature survey in this paper. Research works concerning 

to the motion of wheelset; pantograph-catenary interaction; aerodynamic relating problems on the vehicle; and application of control 

techniques are introduced firstly as the most distinctive subjects of railway vehicle dynamics. The topics on safety assessment and ride 

comfort evaluation are also dealt with since those are important research area in railway dynamics as public transportation system. The 

subject concerning to carbody elastic vibration, which is important relating to ride comfort, is also described. The effect of passengers on the 

elastic vibration of carbody has been introduced as the interesting (and something surprising) topic. The focuses in the literature survey are 

particularly on the research works from Japan, in this paper. 
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1. Introduction 

As widely known, railway system is one of the origin of 

mechanical engineering; the first president of the world's 

oldest society of mechanical engineers (Institution of 

Mechanical Engineers: IMechE), which was founded in 

1847 in Birmingham, UK, was George Stephenson who is 

famous as the Father of Railways. (And the second president 

of IMechE was Robert Stephenson; the son of George and 

he was also a railway engineer.) It is obvious that railway 

was one of the most important object for study in mechanical 

engineering at that time. Many engineering subjects e.g. 

tribology, fatigue of metals, fracture mechanics, heat 

treatment of metals, development of materials like steels and 

aluminum alloys, were raised or developed together with the 

advancement of railways. Problems relating dynamics such 

as vibrations and sound have also been closely connected to 

railways. And even now, railway still remains one of the 

most interesting subjects of research in engineering. This 

paper intends to introduce the engineering research topics 

relating railway vehicles from the view of dynamics as a 

literature survey. 

About the dynamics of railway vehicles, a lot of research 

works have been carried out in Europe for a long time, and 

several good books are available (e.g. [1, 2]). On the other 

hand, there are also a long history in this field in Japan; a 

number of great achievements were made from Japan and 

the Shinkansen is one of the fine fruits of those researches. 

However, in the author's view, such research activities are 

lesser-known versus their importance. One reason of this is 

considered that many of them are written in Japanese; 

though, not a few works are published in English. This paper 

focuses the research works from Japan. 

2. Characteristic Dynamics in Railway Vehicles 

2.1. Wheelset motion 

One of major features of railway vehicles is using 

wheelsets with conical wheels. A wheelset is a set of a pair 

of wheels and an axle; the wheels are tightly pressed into a 

common axle, so the right and left wheels rotate with a 

common angular velocity. Figure 1 shows the schematic 

illustration of a wheelset. Each wheel's tread has a slope such 

as the radius of the wheel becomes smaller to the outer side 

of the axle. It is called coning, conicity or wheel tread 

gradient. The typical conicity is, for instance, 1/20 or 1/40. 

Due to the conicity of the wheels, there are some 
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characteristic dynamics such as self-steering ability and 

hunting motion. Leaving their detailed theoretical treatments 

up to the published books [1, 2], some results are described 

here as follows. 

The self-steering ability is the function to return 

automatically to the center of the track when a wheelset 

moves to one side of the track without using intentional 

steering manipulation. Railway vehicles don't have steering 

wheels like automobiles: the self-steering ability is produced 

by the difference of the radii of both side wheels in a 

wheelset. As shown in Fig. 2(a) when a wheelset goes into 

curve section, the wheelset moves to the outer side of the 

curve and the wheel on the outer rail contacts with the rail 

head in larger radius. Since both wheels rotate with the same 

angular velocity, the outer side wheel runs faster than the 

other wheel, and thus the wheelset can pass the curve 

smoothly. When a wheelset running on straight section is 

displaced to one side of the track as shown in Fig. 2(b), the 

wheel of the displaced side contacts with the rail head in 

larger radius and the wheel runs faster than the other one; 

and the wheelset returns to the center of the track. It should 

be noted that the flanges shown in Fig. 1 are not usually 

needed in order to pass curves or return to the track center. 

The flanges are necessary in case such as passing sharper 

curves or prevent derailment caused by extraordinary lateral 

force. 

The trajectory of the center of a wheelset passing a curve 

purely by the self-steering ability is called pure rolling line. 

The wheelset running on the pure rolling line don't generate 

longitudinal force (longitudinal creep force). The lateral 

displacement y0 to sustain pure rolling during passing a 

curve with radius R can be expressed using conicity γ (see 

Fig. 1) and the radius of the wheel in the neutral position r0 

and the half distance between rails b0 as, 

0 0
0

b r
y

R
=   (1) 

This formula is obtained by the simple geometric 

relationship between parameters shown in Fig. 3. 

According to the self-steering ability, if pure rolling is 

maintained, a wheelset can move back toward the center of 

the track when it displaces slightly to one side of the track. 

However, during the regaining motion, the wheelset 

overshoots the center and this causes oscillatory motion 

called kinematic hunting. The trajectory of the wheelset 

kinematic hunting can be expressed a sinusoidal curve as 

shown in Fig. 4 and its wavelength S1 can be described as, 

0 0
1 2

b r
S 


=         (2) 

Although the kinematic hunting motion of wheelsets is 

known since early times [3], the fact that the kinematic 

hunting is an unstable oscillation and elastically supported 

two-axled bogie also have similar unstable hunting 

 
Figure 1. Wheelset of railway vehicles 
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Figure 2. Self-steering ability of wheelsets 

Outer railInner rail

Contact point:  
wheel outer side = 
smaller wheel radius

Running 
direction

Steering 
moment

Faster
Slower

(a) Curve section

(the case of left curve)

Contact point:  
wheel inner side = 
larger wheel radius

Right railLeft rail

Returning 
force

Displace
-ment

(b) Lateral displacement of wheelset

(the case of rightward displacement)

Running 
direction

Steering 
moment Faster

Slower

Contact point:  
wheel outer side = 
smaller wheel radius

Contact point:  
wheel inner side = 
larger wheel radius

 
 

Figure 3. Pure rolling of a wheelset in a curve 

 

 

 

Figure 4. Kinematic hunting of a wheelset 
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characteristics was firstly found out by Matsudaira shortly 

after World War II (WWII). He showed the hunting problem 

is one of the self-excited vibration and not occurred by 

external cause such as track irregularity. Thanks to the series 

of his research, design method of high-speed bogies was 

established and led to the realization of Shinkansen [4-8]. 

Unfortunately, since many of his research were published in 

Japanese, it is pointed out that "his research had little impact 

in the West" according to reference [2], however his works 

are widely known among researchers in the world in this 

field now. 

The abilities of curving and hunting stability often 

require opposing properties on the bogie components. For 

instance, large conicity is advantageous to pass sharp curves, 

but leads to less hunting stability. To satisfy both of curving 

performance and running stability is one of important 

research topics in the railway vehicle dynamics. 

Reducing the angle of attack (yaw angle of the wheelset 

relative to the track) in curve sections is a major strategy to 

improve curving performance. A number of theoretical and 

experimental studies have been carried out to realize bogies 

with small attack angle during curving. As one well known 

examples of these efforts, Suda [9] proved theoretically that 

unsymmetrical longitudinal supports of the two axles in a 

bogie can greatly reduce attack angle (zero attack angle can 

be realized, ideally) and the concept was adopted in the 

bogies of an EMU (electric multiple unit) limited express. 

Sato et al. [10] proposed a mechanically steering bogie with 

link mechanism and used in a DMU (diesel multiple unit) 

limited express. Recently, single axle steering bogie (one of 

the two axles in a bogie has steering mechanism) has been 

proposed and used in Tokyo Metro [11, 12]. 

2.2. Dynamics of pantograph-catenary system 

As another characteristic topic concerning railway 

vehicle dynamics, interactions of the pantograph and 

catenary can be taken. A pantograph is a device to collect 

electricity from overhead contact line (called catenary here). 

The contact loss of pantograph and catenary causes 

problems not only collection loss of electricity but also 

severe damage of pantograph and catenary, acoustical and 

radio noise problems, etc. by the generation of arc. 

Therefore, the effort to reduce the contact loss is important. 

The contact loss tends to occur as the vehicle speed 

becomes higher. After WWII, prior to the construction of 

Tokaido Shinkansen, speedup of trains of conventional lines 

were conducted and the dynamics of pantograph-catenary 

system was studied in detail. Shibata modelled the system as 

a mass supported by a periodically variable spring stiffness, 

which represents the effect of supporting span of catenary, 

with constant upward force. He showed its equation of 

motion can be expressed as a Mathieu's equation, and 

derived the critical velocity Vc to arise contact loss as [13], 

2
0

c 1
2 2

l k
V

M




= −        (3) 

where l is the supporting span of the catenary, k0 is average 

spring stiffness of the catenary, M is mass of the pantograph 

and ε is the parameter representing the variation of spring 

stiffness of catenary. This formula denotes increasing M, ε 

and increasing k0 are beneficial to improve the critical 

velocity Vc. It was also suggested that applying damping in 

the pantograph is effective. These results were reflected in 

the design of pantographs for Shinkansen vehicles. 

The pantograph-catenary system is also modelled as a 

string under tensile force suffering a moving upward force, 

and relation between wave propagation velocity in the string 

and moving velocity of the upward force are analyzed in 

Manabe's book [14]. According to the book, following 

results are demonstrated by the string and moving force 

model; a large displacement occur at the contact point on the 

string as the velocity of the moving force approaches to the 

velocity of wave propagation of the string; when the moving 

force exceeded the wave propagation velocity, no forward 

wave propagates and regressive wave with very large 

amplitude will be generated. Actually, in the real field of rail 

industry, increasing tensile force in the catenary is widely 

conducted in case of speedup of vehicles. 

To improve the performance of pantograph, efforts to 

know the contact force between pantograph and catenary [15, 

16] or to optimize the shape of pantograph head [17] have 

been carried out. 

The problem of corrugation (periodical wear or 

undulating wear, see Fig. 5) of catenary has also long been 

research topics. Corrugation occurs not only high-speed 

railway but also conventional line, and this problem leads to 

contact loss. Manabe [19] has been trying to approach to this 

problem in terms of wave propagation. He modelled a 

catenary as an Euler beam excited by two moving forces 

representing pantographs. Using the model, he showed 

interaction of the waves, which is generated by the moving 

forces, is strongly relating to the growth of the corrugation 

in the catenary.  

 

 

Figure 5. Example of corrugation of catenary [18] 
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 The corrugation problem is also important in the rail-

wheel system. According to Manabe's book [14], more than 

1000 research papers have been published on the topic of rail 

corrugation. Manabe also applied his wave interaction 

theory to the rail corrugation growing mechanism [20, 21]. 

2.3. Aerodynamic interaction to the vehicles 

As the disturbance input acting on the railway vehicle 

relating to the vehicle dynamics, aerodynamic forces are 

necessary to be taken into consideration under certain 

conditions; e.g. strong side wind and aerodynamic force 

fluctuation during train passage or running in tunnel. The 

influence of strong side wind will be taken up in sub-section 

3.1 in this paper, so the research relating aerodynamic force 

fluctuation is described here. 

As the speed of a vehicle becomes higher, aerodynamic 

force also increases greatly. As the aerodynamic interaction 

to the vehicle dynamics, the problem of lateral vibration in 

tunnel has been received much interest in Japan from the 

view of ride comfort. Fujimoto et al. [22] revealed from the 

running test data of a Shinkansen that the lateral vibration of 

tail car becomes larger than the others in tunnel. They also 

conducted vehicle dynamics numerical simulation focusing 

on the relation of tail car lateral vibration and hunting 

motion, and proposed inter-car yaw damper to reduce tail 

car's vibration. The inter-car yaw dampers are widely used 

in Shinkansen and express trains in Japan. 

Suzuki et al. studied the aerodynamic force fluctuation 

from the aspect of experimental and computational fluid 

dynamics [23, 24]. They proposed to change external parts 

attached to carbody such as pantograph covers, bogie side 

covers, etc. to reduce unsteady aerodynamic force acting on 

the vehicle in tunnel [25]. Sakuma et al. also conducted 

theoretical [26] and experimental [27] studies about 

aerodynamic force problem of high-speed trains in tunnel. 

2.4. Application of control techniques 

The demand for the ride comfort of passengers has been 

getting higher than ever. In addition, as the increase of 

vehicle speed, to maintain good ride quality by adjusting 

suspension parameters in the bogie is getting harder. For 

example, lateral vibration of a high-speed vehicle is mainly 

caused by long wavelength track irregularity in open section; 

on the other hand, aerodynamic excitation force acting 

directly to the carbody is major cause of disturbance in 

tunnel section. Lateral connection between bogie and 

carbody should be weak to reduce excitation from track; in 

contrast it is favorable to connect carbody tightly with bogies 

to reduce the effect by aerodynamic excitation: that is, 

parameter settings of lateral suspension for open and tunnel 

sections contradict each other. 

To solve problems under such conflicting situation, 

control techniques are applied in the suspension system of 

railway vehicles. Sasaki et al. proposed to apply variable 

damper in lateral connection between bogie and car body 

[28, 29]. Figure 6 illustrates the lateral semi-active 

suspension system. The variable damper can change its 

damping coefficient electrically. This system is called semi-

active suspension system since no active force is applied. 

The semi-active suspension has been used many of 

Shinkansen and some limited express trains in Japan.  

In the beginning of this century, active suspension 

system was also put into practical use in Japan. The active 

suspension system uses hydric, pneumatic or electric 

actuators to apply control force. Active suspensions with 

pneumatic actuators are firstly used in Shinkansen and 

electro mechanical actuator (EMA) has recently been getting 

higher share [31].  

Above mentioned semi-active and active suspensions are 

used mainly to reduce lateral vibration in lateral direction. 

The concept to apply variable dampers in the vertical 

suspension was proposed by Sugahara et al. [32] and has 

been used in some cruise trains running on conventional 

lines [33]. 

To shorten traveling time, it is important not only 

improvement of maximum speed but also speedup in curves, 

particularly for conventional lines through mountainside. 

Tilting trains, which have tilting mechanism of carbody to 

compensate for the shortage of cant when speed-up on sharp 

curves, are introduced for such purpose; in early times, 

natural pendulum type mechanisms using centrifugal force 

itself for tilting action were applied to commercial trains in 

Japan. Although the natural pendulum type of tilting trains 

contributed to increase speed in curved sections, it was 

found that they had matters to induce some passengers' 

comfort in curved section [36, 37] and high-performance 

actuator [38, 39] with good response to the tilting command 

are both important in improving performance and ride 

quality of tilting trains.motion sickness. This was considered 

caused by the delay of tilting motion at the entry and exit of 

a curve due to mechanical non-ideality such as friction. To 

improve the tilting performance and ride comfort, control 

techniques are used in recent tilting systems [34, 35]. It 

should be also noted that development of control law to 

consider passengers'  

Recently, air-spring inclination control systems have 

been widely applied including Shinkansen in Japan as tilting 

mechanism. By using this system, the tilting angle of 

Carbody

Control unit

Acceleration    
sensor   

Variable lateral 
damper

Bogie

Figure 6. Schematic illustration of lateral semi-active suspension [30] 



EPI International Journal of Engineering, Vol. 1 No. 2, Aug 2018, pp. 1-12  

5 

 

carbody is limited usually within 2 degrees which is lesser 

than the above mentioned system with tilting beam (more 

than 5 degrees of tilting angle is possible); however it needs 

only a little additional parts in implementation to a vehicle 

and less maintenance costs [40]. 

3. Safety Assessments and Ride Comfort Evaluation  

3.1. Derailment and overturn 

As shown in Fig.7, the force acting at the contact area of 

a wheel and a rail in the cross section of the rail can be 

expressed by vertical and lateral components. They are 

usually denoted P and Q, respectively in Japan, in which the 

vertical force P is called wheel load. If the wheel load 

becomes small and/or lateral force becomes large, the risk of 

derailment will increase, therefore, the ratio Q/P can be used 

to evaluate safety margin against derailment. The ratio is 

called the derailment quotient. (Note that the symbols Y and 

Q respectively are traditionally used for lateral force and 

wheel load in Europe, so the derailment quotient is 

expressed as Y/Q there; while in North America the quotient 

is often described as L/V.) Running tests to measure P and Q 

using actual vehicle are necessarily conducted in order to 

confirm sufficiently small derailment quotient when; a new 

type of vehicles or bogies are developed; speedup of existing 

vehicles is conducted; or a new line has been constructed. 

These values are measured using special wheels in which 

strain gauges are installed in the web of the wheels. 

As the vehicle running speed increase, wheel load 

fluctuation tend to be larger and its frequency becomes 

higher. Exact evaluation of the derailment quotient under 

such high-frequency fluctuation condition is needed to 

promise the running safety of Shinkansen vehicles. Ishida et 

al. proposed the continuous measurement method of the 

derailment quotient valid at high speed [41, 42], and it is 

used widely in Japan.  

Derailment assessment is also important at low speed 

since the risk of flange climb exists in sharp curve [43, 44]. 

To clarify more detailed derailment phenomena at low speed 

on sharp curves was conducted and a new assessment levels 

against derailment on curved track has been proposed [44]. 

Strong side wind may cause the overturn of a vehicle. In 

Japan, the critical wind speed of overturning proposed by 

Kunieda [45] is used to evaluate the safety of vehicle 

running under strong side wind. It is defined as the wind 

speed when the windward wheel load becomes zero by 

solving the equation of static balance of external forces 

acting on the vehicle. Hibino et al. proposed revised version 

of the formula to include detailed effects of bogie parts and 

aerodynamic forces [46, 47]. 

Stability assessment against extremely large external 

input such as by earthquake is important in Japan. Miyamoto 

et al. built numerical model to simulate the dynamic 

response of running vehicles due to earthquake [48, 49]. 

They also conducted a full-scale experiment of a bogie under 

large amplitude track vibration as shown in Fig. 8 and 

compared with the numerical results [50]. 

3.2. Ride comfort 

The riding comfort of railway vehicles is relating many 

factors such as vibration, noise, smell, temperature, 

humidity, seat design, etc. However, in the aspect of vehicle 

dynamics, ride comfort evaluation is based on the vibration 

acceleration measured on the floor (or sometimes on the 

seat) of running vehicles. 

The international standard ISO 2631 [51] is widely 

referred as the method for evaluating the effect of vibration 

on human body. On the other hand, in Japan, the riding 

comfort coefficient and the ride comfort level have been 

applied to evaluate ride comfort of railway vehicles [52]. 

Both of them were determined by Japan National Railways 

(JNR) and are used for more than 35 years without any 

modification. 

Figure 9 shows the diagram used for the ride comfort 

evaluation based on the ride comfort coefficient. The peak 

value of acceleration time series measured in the selected 

test section is plotted versus its frequency on the diagram 

and the degree of riding comfort is evaluated according to 

the position of the plot in five ranks. The evaluation diagram 

is defined for each acceleration direction. This method has 

the merit to be able to obtain information about frequency 

together with acceleration amplitude; however the process is 

difficult to be automated. 

 

 

Wheel load: P

Lateral force: Q

Figure 7. The forces acting in the contact area of a wheel and the rail 

Figure 8. Full-scale shaking experiment of a bogie 
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The ride comfort level (RCL, in dB) is defined as,  

w
10

0

RCL 20log
A

A

 
=  

 
       (4)  

2
w w

0

1
( )

T

A a t dt
T

=         (5) 

where Aw is the root mean square (RMS) value of weighted 

acceleration aw(t) which is obtained by applying frequency 

weighting shown in Fig. 10 to the measured acceleration, 

and A0 is the reference acceleration (=10-5 m/s2). The 

frequency weighting curves represent equivalent sensibility 

contours, which are originally based on the ISO 2631: 1974 

with some modification by JNR. They are considered to 

reflect human sensitivity for vibration acceleration 

according to frequency. The evaluation duration T of the 

RMS value is normally set as 3 2T =   min, and five ranks 

of ride comfort are defined alike the riding comfort 

coefficient. The RCL value can be easily calculated using 

computers, though, the information about frequency is lost. 

These ride comfort evaluations are mainly applied for the 

vehicles running at constant speed on a straight section. 

There are also evaluation criteria for the other running 

situation; e.g. stationary lateral acceleration at curved 

section; jerk (changing ratio of acceleration) in transition 

curves; roll motion of tilt trains; and longitudinal 

acceleration at accelerating or braking of vehicles [52].  

4. Elastic Vibrations of Carbody  

4.1. Characteristics of elastic vibrations of carbodies 

Due to weight reduction and structural simplification of 

recent railway vehicles, elastic vibrations of carbody tend to 

become conspicuous. It is known that such elastic vibrations 

in vertical direction often occur in the high sensitivity 

frequency range for human. Figure 11 shows the power 

spectral density (PSD) measured at the center of floor of a 

Shinkansen running at 300 km/h [53]. The peak around 1-2 

Hz is due to rigid body vibrations and the sharp peak around 

8.5 Hz corresponds to the elastic vibration. It can be 

understood by considering the human sensitivity for vertical 

 
Figure 11. Example of acceleration PSD measured at the center of floor  

of a Shinkansen. (Running at 300 km/h.) 

20 dB

Frequency, Hz

A
cc

el
er

at
io

n
 P

SD

 
Figure 9. Diagram for the riding comfort coefficient  

and the ranks of evaluation 

 

 
Figure 10. Frequency weightings for the evaluation of ride comfort level 
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acceleration shown in Fig. 10 that the carbody elastic 

vibration has certain impact on the ride comfort. Therefore, 

it is important to reduce or suppress those elastic vibrations 

to improve ride comfort of a vehicle. The first step to take 

appropriate measure is to know detailed modal vibration 

characteristics of carbody [53-55]. 

The characteristics of mode shapes are different 

according to the body construction mainly by the material of 

carbody shell. In Japan, aluminum alloys and stainless steels 

are major materials for carbody shells. The mode shapes of 

actual vehicles obtained by experimental modal analysis 

[54] for a Shinkansen with aluminum alloy body shell and a 

commuter vehicle with stainless steel body shell are 

illustrated in Figs. 12 and 13, respectively [53]. We can see 

that the characteristics of elastic vibration modes are 

different. Recent aluminum alloy carbody shells are 

constructed by continuous welding of long hollow extruded 

members; therefore, the mode shapes have tendency to show 

the roof and floor deforms similar manner, and some of them 

looked like that of a simple free-supported beam. For the 

case of stainless steel carbody, each part of the carbody shell 

is constructed separately into a panel and each panel is 

connected discretely using small joint plates called gusset 

plates, so each surface of carbody tends to vibrate 

independently. 

4.2. Modelling for analyzing carbody elastic vibrations 

As the mathematical treatment of the carbody elastic 

vibration, beam models in which the carbody is modelled as 

a simple free-supported (uniform) beam have been used 

traditionally [e.g. 56-58]. This analytical approach is valid 

for the case that the objective vehicle has the bending mode 

similar to the beam, such as Fig. 12(b), and only for the first 

mode of bending of the beam. Although this model seems 

too simple to express actual vehicles, it is often used even 

now [59, 60]. As pointed out in ref. [61], the bending mode 

of carbody is excited by track irregularity not only through 

vertical suspension (such as air springs that support carbody 

on the bogie frames), but also through longitudinal 

connecting members between bogie and carbody such as 

traction links or yaw dampers. Although many of the beam 

models are not taken into account of such longitudinal 

connection, the author considers the effect must be included 

since the carbody response may be changed largely due to 

the longitudinal coupling [63]. 

In order to express the detailed vibration characteristics 

including many complicated modes like Figs 12 and 13, 

finite element (FE) models are the most powerful tool, and 

many commercial software are available now. A number of 

research are done by using FE models [e.g. 63-65].  

A numerical model should be validated by measured data, 

and in many case, some iterative effort to modify and/or 

adjust the numerical model are needed. This modification 

process is called correlation or model update. As a numerical 

model becomes detailed, the difficulty of model update 

usually increases. Tomioka et al. [66] proposed a simple 

model considering the carbody as a three-dimensional (3D) 

structure consisting of plates and beams as shown in Fig. 14.  

The condition to connect these components (plates and 

beams) is satisfied by introducing artificial springs at their 

joints. The biggest merit of this model is that the degree of 

freedom of the model is quite small (less than 1,000) in 

comparison to FE models (usually more than 500,000); and 

therefore numerical optimization algorithms such as genetic 

algorithm (GA) can be applied in model update process [67]. 

This simple 3D vibration model is called the Box-type model. 

4.3. Measures for the elastic vibrations of carbody 

Several efforts have been carried out to reduce elastic 

vibration for a long time in Japan. As mentioned former, 

elastic vibration of carbody is often modelled as a first mode 

 

Figure 13. Mode shapes and their natural frequencies of a commuter-type 
vehicle carbody measured in a stationary excitation test.  

(Stainless-steel carbody shell.) 

(a) Diagonal distortion, 7.2 Hz (c) Roof 2nd, 9.1 Hz(b) Roof 1st, 8.2 Hz

(e) Breathing, 10.9 Hz(d) Roof 3rd, 10.4 Hz (f) Twisting, 12.7 Hz

Roof

Side
Floor

 

Figure 12. Mode shapes and their natural frequencies of a Shinkansen 

vehicle carbody measured in a stationary excitation test.  
(Aluminum alloy carbody shell.) 

(a) Diagonal distortion, 10.0 Hz (c) 2nd bending, 12.7 Hz(b) 1st bending, 10.1 Hz

(e) Twisting, 16.1 Hz(d) Breathing, 13.6 Hz

Roof

Side
Floor

Figure 14. The three-dimensional analytical model for elastic 

vibrations of railway vehicle carbody as combination of plates and 

beams 

Roof: Elastic plate

Pillar:
Straight beam

Side lengthwise member:
Straight beam

Floor: Elastic plate

End panels:
Solid plate

x
y

z

O Side structure
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of bending of an elastically supported beam, the counter 

measures are also studied by using such analysis model. 

Suzuki, et al. proposed to apply damping layer consist of 

viscoelastic and constraint layers [68]. In the study, the 

carbody was modelled as a partially layered beam to 

investigate the effect of damping layer, and it was found that 

the optimum length exists for the damping layer. The results 

were validated by running tests of an actual vehicle, and the 

damping layer was put into practical use of a commercial 

Shinkansen vehicle.  

The idea to use underfloor equipment as dynamic 

vibration absorber (DVA) is also traditionally examined. 

Ishikawa and Sato [69] conducted a running test by applying 

elastically supported mass which imitated underfloor 

equipment and showed the reduction of carbody elastic 

vibration. However, there is no actual example to utilize 

under floor equipment as DVA in the trains for commercial 

passenger service in Japan. By the author's view, the one 

reason of this is that railway operating companies in Japan 

don't want to use equipment as moving mass; and the other 

reason is the difficulty to adjust the natural frequency of 

supported equipment to the target frequency of the carbody 

vibration. In addition, as shown in sub-section 4.1, more than 

one natural mode affect ride comfort in many cases. 

Recently, there are some trials to apply underfloor 

equipment to reduce multiple modes of carbody elastic 

vibration. Aida, et al. [70] proposed to support underfloor 

equipment with high-damping material having natural 

frequency less than that of the lowest carbody elastic 

vibration. By this treatment, they showed multi-modal 

vibration reduction can be realized without any frequency 

adjustment of DVA by the excitation tests for a 1:1 scale test 

vehicle on the roller rig. Looking into outside of Japan, Gong 

et al. [71] also studied to use several equipment underneath 

floor and on the roof to use DVAs for different elastic modes 

of vibration through numerical study using FE analysis. 

As an interesting usage of DVA against elastic vibration 

of carbody bending mode, Tomioka and Takigami proposed 

to utilize the longitudinal motion of the bogie frames [62]. 

They derived the condition to tune the natural frequency of 

the longitudinal vibration of bogie frames to the target 

carbody bending frequency theoretically, and validated the 

formula through excitation test on the roller rig and running 

test on a commercial line of a Shinkansen. This formula is 

used in the bogie design for Shinkansen. 

The studies on vibration reduction measure to consider 

the 3D deformation of carbody, Akiyama et al. [72] 

proposed to apply active mass dampers (AMDs) to reduce 

not only the bending mode but also the elastic mode with the 

diagonal distortion of carbody cross section. They conducted 

numerical analysis using their simple 3D vibration model 

(the Box-type model), roller rig test for 1:1 scale test vehicle, 

and also running test of a Shinkansen.  

Structural design of carbody shells for railway vehicle is 

generally based on the concept of semi-monocoque structure, 

in which the outer thin panel of carbody shell plays main role 

on the strength and rigidity. Therefore, when improving 

carbody rigidity considering elastic vibration suppression, it 

needs modification of outer shell structure and there are 

many difficulty, especially for the existing vehicles. 

Takigami, et al. proposed to use non-structural members 

such as frames inside carbody [73, 74]. Their effort on this 

concept has been sophisticated by utilizing other lighter 

weight inner members such as handrails [75], and it is 

applied in the most recent commuter type vehicles as the 

interior roll-bar which intend to not only improving carbody 

rigidity but also crashworthiness against side impact. 

4.4. Influence of passengers on the carbody vibrations 

As the weight of vehicles reduce, the weight ratio of 

passengers to carbody increases; e.g. the weights of typical 

commuter vehicles in Japan are around 13 - 18 tonne in the 

case of trailer cars, while a full car load of passengers 

(approx. 160 passengers) weighs more than 9 tonne. If the 

passengers act as such a big mass loading on a vehicle, 

vibration characteristics of carbody shall be influenced 

greatly. 

The effect of passengers on vehicle dynamics is usually 

taken into account as mass distributed on the floor. 

Designers design the carbody so that it can have higher 

natural frequencies (as far as possible, exceeding 8 Hz) 

under a full-capacity passenger load.  

Kaneda et al. [76], however, reported that the change of 

natural frequencies was small in contrast with the relatively 

large reduction of vibration amplitude of the carbody in case 

passengers were boarding, as a result of excitation tests 

using a partial mock-up of a carbody. This suggest that on-

board passengers act as damping elements upon the carbody 

elastic vibrations rather than additional mass.  

Tomioka et al. studied the effect of passengers on the 

elastic vibrations using several types of actual vehicles [77, 

78]. Figure 15(a) shows the acceleration PSD measured in a 

running test of a Shinkansen during 270 km/h for different 

numbers of passengers [77]. The peak observed around 10.5 

Hz corresponds to the elastic vibration of carbody. It can be 

seen that the peak value reduces according to the increase of 

the number of passengers, whereas the change of peak 

frequency is very small. Figure 15(b) shows the comparison 

for different loadings; that is, for the loading cases with 51 

passengers and 5100 kg of iron blocks on the floor. It is clear 

that the change of the peak around 10.5 Hz has different 

tendencies. From both figures, it has been found that 

passengers on the vehicles show the effect as not pure mass 

rather damping. Figure 16 shows the excitation test result for 

a commuter type vehicle on the roller rig [78]. Large 

vibration reductions are observed for at least two peaks 

around 7 Hz and 11 Hz. 



EPI International Journal of Engineering, Vol. 1 No. 2, Aug 2018, pp. 1-12  

9 

 

The large and multi-modal vibration reduction effect by 

human body observed in actual vehicles suggests the 

possibilities to realize some new effective damping devises 

by mimicking the passengers' motion correctly. Some trials 

have been already conducted by the authors [70, 78-80]. 

 

Figure 16. Acceleration PSDs of a commuter type vehicle measured by 

excitation test on the roller rig. (At longitudinal center, window side on 

the floor. All-axle simultaneous excitation,) 

5. Conclusions 

Engineering research subjects relating to the dynamics of 

railway vehicles have been surveyed in this paper. The 

focuses are particularly on the research works from Japan. 

The researches concerning to the motion of wheelset; 

pantograph-catenary interaction; aerodynamic relating 

problems on the vehicle; and application of control 

techniques have been introduced firstly as the most 

distinctive subjects of railway vehicle dynamics. 

The safety assessment and ride comfort evaluation have 

been dealt with, too. Those are important research topics on 

railway dynamics as public transportation system. 

The subject concerning to carbody elastic vibration, 

which is important relating to ride comfort, has been 

described after that. The effect of passengers on the elastic 

vibration of carbody has been introduced as the interesting 

(and something surprising) topic. 

Since this article assumes researchers outside the railway 

industry as the readers, the descriptions may be insufficient 

for the specialists in this field. For such readers, more 

detailed review is available by Miyamoto and Suda [81] 

about the research and development of advanced railway 

vehicle technologies in Japan. 

The author thinks dynamics of railway vehicle is very 

interesting target of research, especially for the researchers 

in mechanical engineering. It is great pleasure for him if this 

survey can give some help or be an informative guide for 

researchers to take interests on railway vehicles. 
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