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ABSTRACT 

No suitable handy tool is available to predict train induced vibration on environmental 
impact assessment. A simple prediction model is proposed which has been calibrated for high 
speed trains. The model input data are train characteristics, train speed and track properties; 
model output data are soil time averaged velocity and velocity level. The proposed model has 
been calibrated by means of a measurement campaign led along an Italian high speed rail line. 
Vibration have been measured during ETR500 passage. Model results are obtained in terms of 
maximum soil r.m.s. velocity and vibration level. The model can be validated by comparing 
high speed train measured vibration levels with the predicted ones.  

INTRODUCTION 

Environmental impact assessments require the prediction of vibration induced by moving 
loads like trains or trucks [1] [2]. Although complicated simulation procedures, which require 
long time calculation and a huge amount of input data are known, no easy-usage method is 
available to predict train induced vibrations [3]. On environmental impact assessments 
vibrations are very often predicted without a mathematical method but simply describing 
possible macroscopic effect induced by vibration [4]. In this paper a useful simple method for 
train-induced vibration prediction is proposed. The method has been introduced for high 
speed trains. The model input data are train velocity, train mass, rail geometry, soil 
characteristics and prediction point-rail distance. Model results are furnished in terms of 
maximum soil r.m.s. velocity and vibration level. Model formulation is attained by adopting 
sustainable hypothesis. The model has been calibrated by means of measurement results led 
along an Italian railway. Since calibrating constant is set, the model maximum error, in terms 
of vibration level, is lower than 0.75dB. Model is actually under comparison to a lot of 
experimental data retrieved from many measurement campaign carried out along the most 
important high-speed European railways. 

1. VIBRATION SOURCE MODEL: THEORETICAL FORMULATION�
In order to estimate soil r.m.s. velocity at a prediction point both vibration source and 

propagation phenomena must be modeled. 
Energy transferred from vibration source (train and embankment) to soil is an 

instantaneous quantity which is governed by complex mechanism the behavior of which is 
difficultly identifiable [5] [6]. Thus, a simplifying hypothesis is introduced: a constant portion 
of the time averaged power transferred by the traveling train to the ballast-embankment 
system is then retransferred to the surrounding soil. Such a hypothesis is verified if ballast-
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embankment system and junction elements are uniform allover the railway; thus the following 
statement may be written: 

�:.: ⋅=0 .  (1) 

The constant . must be set by calibrating the model. The symbols are described in Table 2. 
Time averaged power : �  transferred by train to ballast-embankment system depends on 

train velocity, train mass, train length and rail geometry. In order to determine : � , train 
specific mass is introduced which is defined as follows: 

7
0P = .  (2) 

Time averaged energy transferred by train per unit of length is given by: 

VJPH ⋅⋅= ,  (3) 

where V is the maximum vertical rail displacement admitted for a train passage [7] [8] [9]. 
Maximum vertical displacement is chosen in order to adopt a conservative assumption. Power 
is found assuming that energy is transferred to the ballast-embankment system by means of 
the sleepers; furthermore energy expressed by Eq. (3) is released during the time the train 
takes to go from a sleeper to the next one. Thus the power associated to Eq. (3) is given by: 

L
YVJPZ �

� ⋅⋅⋅= .  (4) 

Power transferred to ballast-embankment system by a  G[ portion of train is: 

G[L
YVJPG: �

� ⋅⋅⋅⋅= .  (5) 

According to Eq. (1), the time averaged power retransferred from the ballast-embankment 
system to the soil by a G[ portion of train is given: 

G[.L
YVJPG: �

⋅⋅⋅⋅⋅=0 . (6) 

2. PROPAGATION MODEL 

Vibration waves propagation has been modeled adopting the following hypothesis: 
A. Embankment is considered to be a continuous emitting source the length of which 

corresponds to train length [10] [11] [12] [13]. Source time averaged power per unit of 
length is expressed by Eq. (6). 

B. Vibrational energy is transported only on soil surface by means of Rayleigh waves since 
their amplitude exponentially decreases along a vertical direction, perpendicular to soil 
surface [14]. Primary, Secondary and Love waves are not kept into account [15].  

C. Each source elementary portion is a point source which is characterized by a superficial 
omnidirectional vibrational energy emission [16]. 

When a not dissipative media is considered, vibrational energy transported by Rayleigh 
waves through soil surface decreases proportionally to ��U. According to hypothesis A, B, C, 
time averaged intensity at a generical point 3 may be found by calculating power which 
passes through a 3 centered unitary diameter circle (see Fig.1): 

U
G:G- �

�
⋅⋅

=
π2

,  (7) 
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where �G:  represents the total power produced by an elementary source which is available at 
U distance from the elementary source itself�� Intensity at point P, due to the entire train, is 
given by: 

∫ ⋅⋅
=
	




 U

G:-
0 2 π

.  (8) 

 

)LJXUH����0RGHO�UHIHUHQFH�VFKHPH�
�G:  may be determined as follows (see Fig.2): let’s consider the power which is 

dissipated inside an elementary ring area the center of which is the source; the ring inner 
radius is U, the outer one is U�GU. Dissipated power may be calculated as the difference 
between the ring entering and exiting power.  

 

 

)LJXUH����(QHUJ\�GLVVLSDWLRQ�UHIHUHQFH�VFKHPH�
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Furthermore, dissipated power is proportional to power which enters into the ring, ring 
thickness and soil properties which are characterized by a dissipation constant [17].  

GUG:G:G:G:G ��
 ��� ⋅⋅=−−=− + α)()( . (9) 

Integrating Eq.(9), the following equation is obtained: 
�

� HG:G: ⋅−⋅= α
0 .  (10) 

Combining Eq. (6) and Eq. (9), we have: 

G[H.L
YVJPG: ��

� ⋅⋅⋅⋅⋅⋅= ⋅−α . (11) 

According to Eq. (11), Eq.  (8) becomes: 

G[UL
H.YVJP-

� �
�

� ⋅
⋅⋅⋅

⋅⋅⋅⋅⋅
= ∫

⋅−

0 2 π

α

. (12) 

According to the reference scheme (see Fig.1), maximum value of intensity - � ��is attained 
when S 7��, i.e., train position is symmetrical with respect to a train perpendicular line which 
crosses point P. Thus, - ����� �is given by: 

∫
−

+⋅−

+⋅⋅⋅

⋅⋅⋅⋅⋅
=

2/

2/
22max

2

22�

�

��
� G[

G[L
H.YVJP-

π

α

. (13) 

Since - �����  is the time averaged maximum power which crosses a 3 centered unitary 
diameter circle, the maximum time averaged vibration energy density at point 3 is: 

�
� �"!

F
-' =max .  (14) 

Absolute value of particles r.m.s. velocity is attained by combining Eq. (14) by the 
following relation [18] [19]: 

2
max X' # ⋅= ρ .  (15) 

Thus: 

$% F
-X

⋅
=

ρ
max .  (16) 

Absolute vibration level is then given by the following relation: 

VPXX
X/ & ' (
& ' (

/10;log10 8

2

−=









⋅= . (17) 

Rayleigh waves propagation velocity )F  is defined as written below [20]: 

ρ
*&F * ⋅=   (18)  

& may be found by solving the following equation [20]: 
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In Eq. (18), soil torsional elasticity module G is defined as shown by eq. (20): 

)1(2 υ+
= (*   (20) 

7DEOH����7DEOH�RI�6\PEROV�
6\PERO� 8QLWV� 'HVFULSWLRQ�

�� m-1 soil dissipation constant 
&� adimensional Rayleigh waves propagation velocity constant 
F+ m⋅s-1 Rayleigh waves propagation velocity 
',.-0/ � J⋅m-2 maximum averaged vibration energy density 
G m minimum distance between rail and prediction point 
(� Pa soil Young module 

H J⋅m-1 energy transferred by train to ballast-embankment system 
per unit of length 

*� Pa Soil torsional elasticity module 
J m⋅s-2 gravity acceleration 
L� m distance between two consecutive sleepers 

- ,�-0/ W⋅m-1 
average vibration intensity transferred when train 

position is symmetrical with respect to a train 
perpendicular line which crosses prediction point  

- 1 � W⋅m-1 average vibration intensity transferred by train  
to surrounding soil at r distance 

. adimensional model calibrating constant 
/ dB absolute vibration level 
0 Kg train total mass 
P Kg ⋅m-1 train specific mass 
S� M distance between x=0 and prediction point (see Fig.2) 
U M distance between a soil surface point and a source one  
�� Kg ⋅m-3 soil density 
� 2 Kg ⋅m-2� soil superficial density 
V M maximum vertical rail displacement 
7 M train length 
X� m ⋅s-1 particles r.m.s. velocity 
X 143 5  m ⋅s-1 reference particles velocity 
υ Adimensional� soil Poisson’s ratio 
Y 6 � m ⋅s-1� train speed 

: 7 � W power transferred by train  
to surrounding soil 

: 1 � W power transferred by train to soil at r distance  
: 198;:<1 � W power transferred by train to soil at r+dr distance  
: 6  W power transferred by train to ballast-embankment 

Z 6 � W⋅m-1� power transferred by train to ballast-embankment per 
unit of length 

[ M portion of train 
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3.  MODEL CALIBRATION 

The proposed model has been calibrated by means of measurements campaign.  
Calibration is needed in order to determine the value of constant . (see Eq. (1) ).  

����0HDVXUHPHQW�&DPSDLJQ�
Measurement points have been placed along a straight part of an high speed rail line sited 

close to Terontola Station in Italy (Rome-Florence stage); no bridge and no bend are located 
near the measurement points. Vibrations have been measured at 5, 10, 20, 40 meters from the 
rail center line. Soil particles velocity components has been measured. Measurements have 
been carried out by means of geophones: models  GS-32CT for x and y components, GS-
30CT for z component [21]. Geophones signals have been acquired and processed by means 
of OROS acquisition board connected to a custom DASY-LAB based code for vibration 
signal processing [22]. Signal processing allowed to calculate particles r.m.s. velocities from 
the train-induced instantaneous velocities time history. Particles r.m.s. velocity value has been 
calculated by the code according to the following relation: 
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 (21) 

The data processing system furnishes also a vibration level calculated on 1 second time 
interval. For the M-th 1 second time interval, vibration level is defined as follows: 

VPXX
XXX

X
X/ B C D

B C D

EFEGEH

B C D
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
⋅=  (22) 

The time 1 is the total measurement integration time which is different for each train 
passage. Within such an interval each 1 second vibration level /I  is higher than 10dB: 

G%/ J 10>   (23) 

Condition (23) means that outside the 1 time interval train passage produces vibrations 
levels lower than 10dB. Vibration have been measured during ETR500 passage. ETR500 is 
an Italian high speed train the characteristics of which are: 0=620Â��3Kg, 7=328m. The soil 
which surrounds the measurement site is composed by compressed high density sands the 
characteristics of which are E=90·106 Pa and υ=0.2 [23]. �

����&DOLEUDWLRQ�
The model has been calibrated by determining the value of . (see Eq.(1)) which equalizes 

model result (level furnished by Eq. (17)) to the corresponding measured values. Calibration 
is carried out setting maximum rail vertical displacement s=1Â��-2m which is the maximum 
admitted value [7]. For each different train speed and rail-point distance, the “equalizing” . 
assumes a different value. Each . is, however, very close to its average value (see Table 2). 
Thus the model may be calibrated setting: 
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. =2Â��-6  (24) 

According to Table 2, absolute maximum difference with respect to average is 
3.0Â��-7, and . standard deviation is 1.8Â��-7. 

7DEOH����9DOXHV�RI�.�ZKLFK�HTXDOL]HV�PRGHO�UHVXOW�WR�PHDVXUHPHQW�RQHV�
7UDLQ�YHORFLW\�

>NP�K@ 
���� ���� ����

5DLO±SRLQW�
GLVWDQFH�>P@ 

K value K value K value 
5 1.9 10-6 1.8 10-6 2.0 10-6 
10 2.2 10-6 2.0 10-6 2.2 10-6 
20 1.7 10-6 2.2 10-6 1.7 10-6 
40 1.9 10-6 2.1 10-6 2.1 10-6 

Average .�= 1.983 10-6 §�����-6 

σk=1.8 10-7 

|.�.|max=3.0 10-7 

Calibrating the model according to (24), maximum error, in terms of predicted vibration 
level, is lower than 0.75dB. According to the previous observation, .� is supposed invariant 
for any high speed rail lines; it may be admitted because track ballast and embankment are 
characterized by the same construction criteria for any high speed railways [24]. 

CONCLUSIONS 

A simple method to predict soil vibration levels induced by high speed train is proposed. In 
order to estimate soil r.m.s. velocity at a prediction point both vibration source and 
propagation phenomena has been modeled. The proposed model requires short calculation 
time and a small amount of input data.  

The model has been calibrated by means of a measurement campaign led along an Italian 
high speed railway during ETR 500 passage. For each different train speed and rail-point 
distance, the calibration constant . assumes a different values. Each . is however very close 
to its average value (2Â��-6); calibration is attained by setting . equal to the average value. 
Maximum error, in terms of vibration level, is lower than 0.75dB when the proposed model is 
applied to the same railway which has been employed for calibration. The model is actually 
going to be compared to a great amount of vibration level data retrieved from the reports of 
experimental investigations led along the most important European high speed railways.  
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