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ABSTRACT 
In recent years, high speed and heavy load technology have been  the main trend in 

the world railway.  
Some problems about the dynamic interaction and vibration of the vehicle-rail track 

system have also constituted a relevant research area. 
The increase of the operating speed and of the heavy load involves high and higher 

mechanical performances of the rail track; this increase causes a dynamic stress rise that 
also means higher level of noise and vibrations. 

In this paper it has been proposed a model of dynamic interaction between a train 
vehicle and a rail track. 

The considered vehicle model is supported two double-axle bogies at each end and 
is described as a 10 degree of freedom system; the rail track as a finite long beam 
discretely supported at three layers of elasticity. 

The dynamic interaction has been obtained by calculating the wheel-rail contact 
force depending on vertical irregularity function. 

Such function, described as an ergodic random stationary Gauss process, has been 
risen from the Monte Carlo method. 

As regard to the analyzed simulation cases a sensitivity analysis of model has been 
carried out by artificial neural network for evaluating the weight of each model input on 
the dynamic behaviour of the rail track. 

 
Keywords: train-rail track interaction, ergodic Gaussian random process, neural 
network, sensitivity analysis. 
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1. INTRODUCTION 
The main source of excitation of the track is represented by the vertical force 

determined by the wheel-rail interaction during the running of trains. 
This force, even in the hypothesis of a perfect way, cannot be considered constant 

under the action of vertical loads, on the contrary it constitutes a system which, from the 
calculation and modelling point of view, is rather complex. 

On the other hand, the increase of speed and of axle load which has occurred in the 
last years, and which still continues in many European and non-European countries, 
makes rise new relevant technical problems; the rise of performances required to the rail 
track involves a consequential increase of the dynamic stresses to whom the rail track is 
submitted, with negative consequences even for the noise, for the vibrations transmitted 
to the environment and for the running safety. 

For this reason is better to underline that the study of dynamic characteristics of the 
rail track began only 30 years ago. Previously the dynamic effects were evaluated by 
means of amplifying coefficients of static loads (DAF); such coefficients, deriving from 
experimentations carried out on railway lines with ordinary speed, are basically running 
speed function, even if some surveys take into account other parameters such as the 
stiffness of the ground, the track conditions, the traffic and so on. 

In practice, by introducing the dynamic action as the increase of the static loads, the 
calculation of the rail track could be made using the classical methods based on beam 
on elastic support. Nevertheless this method is not applicable, except in a first 
approximation, for all the cases which do not match the experimental conditions. 

This calculation procedure is not good for the modern railway lines which must have 
higher performances, in relation with speed and axle load. 

In this paper the authors developed a bi-dimensional model with concentrated 
parameters for the analysis of the dynamic interaction between a train vehicle and a rail 
track. The model allowed to study the dynamic behaviour of two sub-systems, 
evaluating the dynamic solicitation deriving from wheel-rail contact. 

The validation of the model was carried out referring to the accelorometric data 
found by the same Authors on the railway line Alcamo-Marsala, at the km 116 (Di 
Mino et al 2007). 

An analysis for the sensitivity of the model was finally carried out in order to 
evaluate the influence on the value of vibration phenomenon of some important 
parameters, related to rail superstructure and transport characteristics, such as: the train 
speed, the rail track and train type, the track conditions and the  type of the ground. 

2. MODEL FOR THE VERTICAL DYNAMICS OF THE 
TRAIN VEHICLE-RAIL TRACK SYSTEM 

2.1 Dynamic equations of the train vehicle 
For the train vehicle modelling we used the model shown in the figure 1. The system 

is made of the following elements, all modelled as rigid masses: 
− the vehicle body (Mc, Jc); 
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− two bogies (Mt, Jt); 
− four wheelsets (Mw). 
The secondary suspension (Ks2, Cs2) between vehicle body and bogies, such as the 

primary suspension (Ks1, Cs1) between bogies and wheelsets, has been modelled by 
means of spring-damping elements. 

The system has a 10 degrees of freedom: 
− vertical translation (Zc) and rotation of pitching (ϕc) of the vehicle body; 
− vertical translation (Zti for i=1,2) and rotation of pitching (φti for i=1,2) of the 

bogies; 
− vertical translation of the wheels (Zwj for j=1,…,4). 
 

 

 
 

Figure 1 - Plan model of a 10 degrees of freedom train vehicle 
 
The dynamic equation of the system is given by the relation: 
 

   vvvvvvv FZKZCZM =++ &&&    (Eq.1) 

 
where 
 
 [ ]Tw1w1w1w1t2t2t1t1ccv ZZZZZZZZ ϕϕϕ= , (Eq.2) 
 

vZ&  and vZ&&  are, respectively, the generalized displacement, speed and acceleration 

vectors, and vM , vC , vK  represent the matrices of the masses, of damping and 

stiffness, whose expressions of vM e vK , are shown as follows: 

 
 [ ]wwwwttttccv MMMMJMJMJMdiagM = ; (Eq.3) 
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         (Eq.4) 
 
The vC matrix is calculated substituting every elements Kji of equation 4 , by Cji. 

The vector 
 

[ ](t)P(t)P(t)P(t)P0gM0gM0gMF 4321ttc
T
v −−−−−−−=  (Eq.5) 

 
represents all the loads; in this vector they are represented the time history of the 

wheel-rail contact forces (Pj) related to the four wheels, besides of car body, bogies and 
wheelsets gravity forces. 

2.2 Dynamic equations of the rail track 
In order to reproduce the effects created by the periodicity of the support during the 

running of trains, we have chosen to represent the rail track with a discrete support 
model; we have chosen a model used by Sato et al. (1987) and by Zhai (1992), which is 
characterized by 3 layers of elasticity (Fig. 2).  

 

Zr

Zs

Zb

Kp; Cp  

Kb; Cb 

Kf; Cf 

Kw; Cw 

 

Figure 2 – Rail track model 
 
The rail, modelled as a continuous beam, has been considered linked, with a 

periodicity equal to the distance of sleepers, to the rail fasteners by means of springs 
and dampers (Kp, Cp). These elements, representing the first level of elasticity, are 
linked to the lumped masses Ms, which reproduce the vertical inertia of sleepers. The 
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inertial behaviour of the underlying part of ballast has been modelled with the masses 
Mb; consequently the second level of elasticity is obtained by interposing among the 
concentrated masses Ms and Mb  a sequence of spring-damping elements (Kb, Cb) 
vertically placed. Besides, in order to simulate the shear behaviour of the ballast, every 
mass Mb is connected to the following one by means of the Kw- Cw elements. 

The Kf -Cf elements, which are bound on the upper part to the ballast elements and 
on the lower part to a rigid, fix base, by modelling the visco-elastic behaviour of the 
subgrade represent the third level of elasticity. 

The rail has been modelled as a Bernoulli continuous beam (Fig. 3). 
The equilibrium at the vertical lowering of the rail submitted to concentrated loads 

(wheel-rail contact forces) is given by the equation: 
 

 ( ) ( )Gj

N

1j
ji

N

1i
rsi2

r
2

r4
r

4
xx(t)δPxx(t)δF

t
t)(x,Zm

x
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+

∂

∂
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==

 (Eq.6) 

 
where  
Zr (x, t) is the lowering of the abscissa section x at the t instant; 
EI is the bending stiffness of the rail; 
mr is the mass per linear measure of the rail; 
Frsi is the reaction force between the rail and ith sleeper; 
Pj is the contact force between the rail and the j th wheel; 
δj (x) is the Dirac function; 
xi is the abscissa of the ith sleeper; 
xGj is the abscissa of the barycentre of the j th wheel. 
 

Z

X
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Lt
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Figure 3 - Bernoulli beam model of the rail 

 
In order to make easier to solve the equilibrium equation of the rail it is possible to 

use a modal approach; because the deformed shape of the rail is a “square-integrable 
function”, the function Zr(x,t) can be obtained as superposition of K rail mode shape 
functions Yk(x) whose weight are given by the functions qk(t):  
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The mode shape functions have the form 
 

   
l

kππsen
lm

2(x)Y
r

k =     (Eq.8) 

 
being l the whole length of the part of the rail taken into account. 
Substituting the (7) in the equilibrium equation of the rail (Eq. 6) and considering 

that the rail-sleeper force Frsi can be determined by means of the expression 
 
  (t)]Zt),(xZ[C(t)]Zt),(x[ZK(t)F siirpisiirpirsi

&& −+−= , (Eq.9) 
 
the (6) can be expressed as follows: 
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 (Eq.10) 

 
Adding to the (10) the equation of motion of the sleeper and ballast elements, in 

matrix form we obtain: 
 
   sssssss FZKZCZM =++ &&&    (Eq.11) 

 
which represents, in vector form (system of K+2N equations), the equation of 

dynamic equilibrium of the rail track. The vectors sZ , sZ&  and sZ&&  are, respectively, 
the generalized vectors of the displacements, of speeds, of the accelerations related to 
every degree of freedom of the track, sF  is the vector of the external forces, and finally 

sM , sK , sC  represent, respectively the matrices of masses, stiffness and dissipation: 

 
  [ ]TbNb1sNs1K1s ZZZZqqZ LLL= ; (Eq.12) 
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where 
 



4th INTERNATIONAL SIIV CONGRESS – PALERMO (ITALY), 12-14 SEPTEMBER 2007 

 8

,

)(xYK
l

Kπ
m
EISymm

)(xYK
l

2π
m
EI

)(x)Y(xYK)(x)Y(xYK)(xYK
l
π

m
EI

A

i
2
K

N

1i
pi

4

r

i
2
2

N

1i
pi

4

r

iKi1

N

1i
pii2i1

N

1i
pii

2
1

N

1i
pi

4

r

KxK

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

+⎟
⎠
⎞

⎜
⎝
⎛

+⎟
⎠
⎞

⎜
⎝
⎛

+⎟
⎠
⎞

⎜
⎝
⎛

=

∑

∑

∑∑∑

=

=

===

O

M

L

 

         (Eq.17) 
 

 ,

)(xYK)(xYK)(xYK

)(xYK)(xYK)(xYK
)(xYK)(xYK)(xYK

B

NNpN2Kp21Kp1

N2pN22p212p1

N1pN21p211p1

NxK

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

−−−

−−−
−−−

=
MOMM

L

L

  (Eq.18) 

 

 ,

)(xYK)(xYK)(xYK

)(xYK)(xYK)(xYK
)(xYK)(xYK)(xYK

C

NKpNN2pNN1pN

2Kp222p221p2

1Kp111p111p1

KxN

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

−−−

−−−
−−−

=
MOMM

L

L

 (Eq.19) 

 

 ,

KK00

0KK0
00KK

D

bNpN

b2p2

b1p1

NxN

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

+

+
+

=
MOMM

L

L

  (Eq.20) 

 

 
;

K
KK

K000

K

0
K

KK
K0

0K
K

KK
K

00K
K

KK

E

wN

fNbN
wN

wN

w3

f3b3
w2

w2
w2

f2b2
w1

w1
w1

f1b1

NxN

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

++
−

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

++
−

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

++
−

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

++

=

OOMM

O

L

L

 

         (Eq.21) 
 
the matrices 

KxK
Â , 

NxK
B̂ , 

KxN
Ĉ , 

NxN
D̂ , 

NxN
Ê  can be obtained from the 

homonymous only changing Kji in Cji. 
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2.3 Train vehicle-track interaction 
Assembling into one relation the equations (1) and (11) the global equilibrium 

equation of the system train vehicle-track is obtained: 
 
   FZKZCZM =++ &&&     (Eq.22) 
 
where Z , Z&  e Z&&  are, respectively, the generalized displacements, speeds and 

accelerations vectors, F  is the vector of external forces, and sM , sK , sC  represent 

respectively the matrices of the masses, rigidity and dissipation: 
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The vector F contains the terms Pj(t), which can be calculated using the Hertz 

contact theory. If, hypothetically, the track presents vertical irregularities, whose 
longitudinal trend is given by the function Z0(x), the wheel-rail contact force can be 
determined by means of the relation (Fig.4): 

 

   
[ ]

1,...,4j

(Vt)Zt),(xZ(t)ZC(t)P 23
0GjrwjHj

=

−−⋅=  (Eq.24) 

where CH is the “coefficient of Hertz contact”, Zwj(t) is the lowering of the jth wheel 
at the t instant, and Zr(xGj,t) is the lowering that the rail has at the t instant at the point of 
contact with jth wheel. 

 

Hertzian spring

V

Moving wheel mass

Rail surface

Pwr

Pwr
Dz(t)

CH

z0(x)
x

 
Figure 4 - Hertz contact model for the wheel-rail interaction. 
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The quantity ( ) (Vt)Zt)(x,Z(t)Zt∆Z 0rw −−=  represents the vertical deformation 
of the wheel-rail contact. 

The coefficient CH has been determined by means of the expression (Sun Y.Q. et al. 
2002): 

   ( )wr

ewr
H ν13

R4G
C

−
=     (Eq.25) 

 
where Gwr is the shear modulus, νwr is the Poisson’s ratio; Re is given by the relation: 
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where r is the rolling radius of the wheel, ρw is the wheel profile radius and Rt is the 

rail profile radius. 
The defect Z0(x) of the track can be considered as an stationary ergodic Gauss 

random process with expectation zero (Roberts B.J. et al. 1990). 
Indicating with Sz(Ω) the power spectral density of the vertical irregularity, the rth 

sample of the process is obtained by means of the relation (Muscolino G. 2002): 
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+⋅Ω⋅=
N
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kkz
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0 )φxsen(Ω)∆(ΩS2(x)z

k
 (Eq.27) 

 
where ϕk

(r) is a random variable with a constant density of probability (equal to 1/2π) 
in the range [0, 2π], and Ω is the space angular frequency. 

The quantity ∆Ω represents the sampling range of the Sz(Ω), so that, by indicating 
with Ωsup and Ωinf the upper and lower extremes of the range of Ω taken into account, 
the Ωk is: 

 

   ∆Ω
2
1kΩΩ infk ⎟
⎠
⎞

⎜
⎝
⎛ −+=     (Eq.28) 

 
with ∆Ω = (Ωsup - Ωinf)/2. 
The variables φk

(r) are independent the one from the other and they were risen from 
the Monte Carlo method. 

The relation (28) allows to arise numerically the space trend of the vertical 
irregularities, once known the relative PSD. To evaluate the vertical defect of the track 
the spectrums found in technical publications can be used. (Lei X. et al. 2002, Panagin 
R. 1990).  

The step by step integration of the equation (23) was made by means of the 
Newmark-β method. 
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In order to take into account the monolateral constraint of the wheel-rail contact, a 
practice of control on the ∆Zj(z) was developed, in order that Pj(t)=0 when, at the 
generic t instant, it resulted ∆Zj(z)<0 (detachment condition) 

2.4 Demonstration of the model 
The model was applied to a section of the railway line Alcamo-Marsala (116 km), in 

this site a series of accelorometric assays on the track was carried out (Di Mino et al. 
2007). The site is characterized by a track with ballast, wooden sleeper and K-fastener. 

The model was realized taken into account a one hundred sleeper railway section, 
64.35 m long.  

As for the rail, the first 200 vibration ways were considered, so that the system has a 
total of 410 degrees of freedom. 

In order to validate the model we considered the running of a ALn 688 train with a 
single configuration, having a 90km/h speed, whose mechanical parameters are shown 
in table 1. 

 
Table 1 - Characteristic parameters of the ALn 688 train 

Car body mass [kg] 28800 

Bogie mass [kg] 3600 
Wheelset mass [kg] 500 
Total length [mm] 23540 
Wheel distance [mm] 2450 
Bogie distance [mm] 15950 
Primary suspension stiffness [kN/m] 5×105 
Secondary suspension stiffness [kN/m] 8,8×105 
Primary suspension damping [N s/m] 500 
Secondary suspension damping [N s/m] 41500 

 
The values of the parameters used for modelling the track are shown in table 2. 
 

Table 2 - Characteristic parameters of the track 
mr [kg/m] 50 l [m] 64,35 
EI [N m2] 3872400 ls [m] 0,65 
Ms [kg] 33 Mb [kg] 700 
Kb [N/m] 240×106 Cb [N sec/m] 58,8×103 
Kp [N/m] 265×106 Cp [N sec/m] 40×103 
Kf [N/m] 76,85×106 Cf [N sec/m] 64,6×103 
Kw [N/m] 78,4×106 Cw [N sec/m] 80×103 

 
The irregularity of the track was calculated using the PSD proposed by the America 

Railway Standard for the 6 class railway lines (Lei X. et al. 2002). 
In order to reduce the most the boundary effects, the response of the system was 

calculated in the central point of the model. 
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        a)                                                             b) 

Figure 5 – Vertical acceleration of the rail: a) numerical; b) experimental 
 

 

    
        a)                                                             b) 

Figure 6 – Vertical acceleration of the sleeper: a) numerical; b) experimental 
 

 

   
                                   a)                                                                   b) 

Figure 7 – a) Vertical displacement of the rail b) Wheel- rail contact force 
 
The numerical results were compared with the accelerometric data gathered directly 

on site on the rail and on the sleeper. 
In figure 5 the time history of the vertical acceleration of the rail are shown, 

respectively numerical and experimental; there is a good accordance between the 

transitory phase 

Static semi- 
axle load 
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numerical and experimental data. The same can be said as for the vertical acceleration 
of the sleeper (Fig. 6). 

The vertical displacement numerically calculated of the rail is shown in the figure 7-
a; the top range of the displacement is in accordance with the data found in technical 
publications in the same conditions (Accattatis F. et al.1991, Cioffi E. et al. 2003 ). 

Figure 7-b shows the time history of the wheel-rail contact force, which was 
numerically calculated; the transitory phase, lasting about 0.2 sec., is due to the 
imposition of initial null conditions. 

3. SENSITIVITY ANALYSIS OF THE TRAIN VEHICLE-RAIL 
TRACK SYSTEM BY NEURAL NETWORKS 

Among the different causes which are involved in the dynamic interaction between 
the two systems train vehicle-rail track, the following factors were identified: 

− running speed of the train; 
− type of the train; 
− type of the rail track; 
− type of the ground; 
− track conditions. 
The sensitivity analysis of the system was carried out planning different cases 

obtained by changing the values related to the above mentioned factors. 

3.1 The analysis on the simulated cases 
The analysis was carried out taking into account four running speeds of trains: 54 

km/h, 72 km/h, 108 km/h and 144 km/h. 
 

Table 3 - Characteristic parameters of the considered trains 
Train C62A ETR500 
Mc [kg] 77000 29670 
Mt [kg] 1100 6250 
Mw [kg] 1200 1580 
Jc [kg m2] 1200000 1824000 
Jt [kg m2] 760 2500 
Ks1 [N/m] 2140000 1617500 
Cs1 [N s/m] 49000 1470 
Ks2 [N/m] 5320000 722200 
Cs2 [N s/m] 70000 63800 

 
In order to consider the incidence of the vehicle factor on the response of the system, 

two types of locomotives were considered: the C62A type, which runs on the main 
Chinese railway lines, and the lighter ETR 500 type of the Italian National Railways 
(FS) (Tab. 3). 



4th INTERNATIONAL SIIV CONGRESS – PALERMO (ITALY), 12-14 SEPTEMBER 2007 

 14

Two track options were taken into account: we modelled the track with ballast, 
concrete sleeper and rail of the UIC60 type, which was considered as it was equipped in 
one case with a rigid fastener and in the other case with an elastic fastener (table 4). 

The influence of the geotechnical characteristics was evaluated taken into account 
two types of ground (Tab. 4). 

 
Table 4 - Characteristic parameters of the rail track and the ground 

l [m] 30 EI [N m2] 6145500 
ls [m] 0,6 mr [kg/m] 60 
Ms [kg] 250 Kb [N/m] 240×106 
Mb [kg] 700 Cb [N s/m] 58,80×103 
Kw [N/m] 78,40×106 Cw [N sec/m] 80×103 

Rigid fastener Elastic fastener 
Kp [N/m] 1000×106 Kp [N/m] 100,42×106 R

A
IL

 T
R

A
C

K
 

Cp [N s/m] 100×103 Cp [N s/m] 12000×103 

Sand Clay 

Kf  [N/m] 230×106 Kf  [N/m] 76,85×106 G
R

O
U

N
D

 

Cf  [N s/m] 48,52×103 Cf  [N s/m] 64,60×103 
 
The rail track conditions were considered making reference to the vertical 

irregularity of the track. Two types of irregularities were taken into account: in one case 
we used the spectrum given by the SNCF on the assays made between the km 136 and 
137 of high speed railway line Paris-Toulouse, in the other case we referred to the 
spectrum given by the America Railway Standard for the ordinary speed railway. 

The simulation study was carried out by modelling 64 different settings obtained by 
combining together all the above mentioned parameters. 

For each setting we determined the time history of the cinematic response of the 
train vehicle-rail track system, and also the time history of the forces of wheel-rail and 
rail-sleeper contact. The greatest values of the above mentioned quantities during the 
time range of calculation were determined. 

3.2 Process of neural elaboration 
The use of neural networks allows to evaluate the contribution related to each factor, 

observed while it participates together with the others to determine the dynamic 
phenomenon. 

The speed of the train (V), the damping (Cp) and the stiffness of the fastener (Kp), 
the mass of the vehicle (Mv) and the stiffness of the vehicle suspension (Ks2), the 
stiffness (Kf) and the damping (Cf) of the ground, and the type of irregularity of the 
track (Irr) are the input data (cause) to put in the network. 

Six parallel elaborations were carried out, putting as output data the displacement 
(Zw) and the acceleration (Aw) of the wheel, the wheel-rail contact force (Pwr), the 
displacement (Zr) and the acceleration of the rail (Ar), the rail-sleeper contact force (Frs). 
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Both the input and the output data were normalized with reference to the 
corresponding greatest value. 

The implementation of a neural network requires some fundamental actions, such as 
the choice of its structure and the definition of the parameters which are typical of the 
training process and of the relative characteristic values. 

The method, concerning the network structure, consisting in changing the number of 
both the hidden layers and the related nodes, generally allows to have satisfying and 
reliable results, also according to the extent of the range of configurations taken into 
account. 

 
Table 5 – Network elements and training parameters 

NETWORK STRUCTURE 
Input nodes 6 
Output nodes 1 
Nodes in the hidden layers 5 ÷ 9 
Network layers 3 ÷ 5 
Hidden layers 1 ÷ 3 

TRAINING PARAMETER 
Iteration 100000 ÷ 200000 
Momentum factor 0,8 
Learning rate 0,01÷0,1 
Training set cases 58 
Test set cases 10% training set 
Selection process of test cases random 
Transfer function Sigmoid 

 
The data sets of input and output were put in adequate files in order to be acquired 

and processed directly by the neural network system we choose BPNN (Back 
Propagation Neural Network) with exclusive forward transmission of the signal. 

The phases of training and test of the information put in the network, which are the 
elaboration and learning processes, are given by the number of the iterations, by the 
type of transfer function, by the learning rate and by the moment. 

In this case, the fields of variations of the parameters related to the project of the 
network architecture and to the training process are shown in table 5. 

 
Table 6 - Network elements and training parameters 

ADMISSIBILITY RANGES 
Training set RMS error 0,02 ÷ 0,10 
Test set RMS error 0,02 ÷ 0,12 
Training set Correlation 0,5 ÷ 1,00 
Test set Correlation 0,5 ÷ 1,00 

 
Rather than determine the network architecture, more appropriate to analyse the 

problem, by means of a heuristic procedure, whose result depends on the number of 
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tests made, not assuring the univocity of the solution, we preferred another type of 
procedure. Sixty networks were trained, among them we choose only the networks, 
which in terms of root mean square of the error and in terms of correlation coefficient, 
during the training and test phases, showed at the end of the iterative procedure values 
which are included in the admissibility range shown in the table 6. 

According to this choice the significant networks were the 42% of the total. 
 

 

   
a)                                                                b) 

Figure 8 – Diagram of the percent contribution: a) case of the acceleration of the 
rail; b) case of the wheel-rail contact force 

 
At the end of the elaboration the neural network gives the diagrams of the related 

hierarchy, of which two examples are shown in figure 8, respectively for the 
acceleration of the rail and for the wheel-rail contact force, remembering that these 
hierarchies are significant only when the considered parameters act at the same time. 

In order to identify the most reliable hierarchy of contribution, the interpretation of 
results, obtained from the significant networks, was made by means of the Method of 
the recurrence (Di Mino G. et al. 2005). The criterion lies in selecting the most 
recurrent sequence of the inputs, arranged according to weight; the values of the 
contribution of each one are the average values given by this more restricted sample. 

The analysis results are shown in figures 9, 10 and 11. 

3.3 Analysis of the results 
As for the displacement of the wheel (Fig. 9-a) and of the rail (Fig. 9-b), hierarchies 

of the weight of inputs influence are found, which are almost coincident: the 
fundamental contribution is given by the stiffness of the fastener and of the ground, with 
the latter having a lightly lower weight. Stiffness of the suspensions, vehicle mass and 
irregularity give, in this order, the lower contributions, while the damping of the ground 
and of the fastener, and the speed represent considerable contributions, which are 
almost comparable. 

As for the wheel and rail acceleration (Fig. 10) the most influencing factor is the 
speed: nevertheless as for the rail the influence is higher. 

Referring to the wheel acceleration (Fig. 10-a) the damping of the ground, the 
vehicle mass, the stiffness of the fastener, of the suspensions and of the ground give, in 

V 
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this order, comparable contributions, having values of the related weights which are 
included in the range 11-17%. The damping of the fastener and the irregularity give the 
lowest contributions, and the first parameter has a lightly higher value. 
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                              a)                                                                 b) 

Figure 9 – Results of the analysis: a) wheel displacement; b) rail displacement 
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                              a)                                                                 b) 

Figure 10 – Results of the analysis: a) wheel acceleration; b) rail acceleration 
 
As for the rail acceleration (Fig.10-b) the damping of the ground, after the speed, 

gives the most significant contributions (19%). Vehicle mass, stiffness of the fastener 
and irregularity give, in this order, comparable weights, even if they are lightly different 
(16-19%). Stiffness of the suspensions and of the ground are at about 17%, while the 
lowest contribution is the one given by the stiffness of the fastener. 

With reference to the contact forces (Fig. 11), the speed still has the greater weight, 
having an incidence of 21% as for the Pwr and of 33% as for the Frs. 

As for the wheel-rail contact force (Fig. 11-a), the vehicle mass and the damping of 
the ground give the same influence (16%); stiffness of the suspensions and of the 
ground, damping and rigidity of the fastener have almost similar contribution, having 
values of the related weights which are included between 9% and 16%. The lowest 
contribution, in this case, is the one of the irregularity (5%). 



4th INTERNATIONAL SIIV CONGRESS – PALERMO (ITALY), 12-14 SEPTEMBER 2007 

 18

Concerning the rail-sleeper contact force (Fig. 11-b), the gap between the 
contribution given by the speed and the one given by the other parameters is more 
evident: damping of the ground, vehicle mass, damping of the fastener and stiffness of 
the suspensions have, in this order, weight values which are included between 10% and 
15%, while the rigidity of the fastener, the irregularity and the rigidity of the ground 
keep having, in this order, values which are lightly higher than 5%. 
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                              a)                                                                 b) 

Figure 11 – Results of the analysis: a) wheel-rail contact force; b) rail-sleeper 
contact force 
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Figure 12 – Influence of the elements of the rail system on the outputs  

 
In order to stress the total influence on the response of the system, respectively of 

the vehicle, the rail track, the speed and the ground, we aggregated the weights of the 
related ranges of inputs. 
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The result is shown in figure 12: it can be seen that, in an aggregated form, the rail 
track and the ground play a prevailing role in the generation and propagation of the 
dynamic phenomena. 

4. CONCLUSIONS 
The problems related to the vertical loads are very considered in the management 

and maintenance of railway systems.  
A complex bi-dimensional model, gauged by means of experimental results, can be 

very useful as mean of preliminary calculation of cinematic and mechanical data which 
lead to management and economic evaluations of railway systems. 

The main peculiarity of the proposed model is to consider from a stochastic point of 
view the track irregularities, which vertically imply dynamic overloads and 
displacements which must be carefully determined and checked. 

Finally, through the sensitivity analysis carried out by means of Artificial Neural 
Network on a range of technical, realistic cases, which were simulated changing 
opportunely the system elements, what comes out significantly is that the rail track and 
the ground contribute in a prevailing way, whatever are their nature or type, to enhance 
the cinematic and dynamic phenomena, which cause well known problems such as 
vibrations. 

Once chosen to face extended cases of modelling including even the analysis of the 
grounds, from what said previously it derives the necessity to pay particular attention to 
the dynamic modelling of the ground, and moreover the necessity of an exact modelling 
of the secondary elements of the rail track (fasteners) which greatly influence the 
mechanical behaviour of the system on its whole. 
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